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I.  SCIENTIFIC  OBJECTIVES 


Hie  major  scientific  objectives  of  this  program  were: 

(1)  To  determine  the  nature  of  quantun  states  formed  by  excited 
electrons  and  holes  in  small  gap  semiconductors  tinder  dif¬ 
ferent  conditions  of  carrier  density  and  temperature; 

(2)  To  determine  the  energy  and  lifetime  of  these  states; 

(3)  To  determine  the  effect  carriers  in  these  states  have  on  the 
optical  properties  of  the  material; 

(4)  To  determine  the  effect  of  impurities  on  the  recombination 
of  photoexcited  carriers  in  small  band  gap  semiconductors; 

(Sj  To  determine  the  influence  of  high  intensity  below  band 
gap  radiation  on  the  free  carrier  distribution  function  in 
semiconductors; . 

(6)  To  determine  the  consequences  of  this  change  in  the  distri¬ 
bution  function  on  the  optical  and  electrical  properties 
of  the  semiconductors. 


II.  SIGNIFICANT  RESULTS 


Over  a  period  of  five  years  a  program,  such  as  this  one,  produces  a  large 
number  of  inportant  results.  To  indicate  the  development  of  our  ideas  and 
results,  I  will  order  the  results  approximately  chronologically. 

A.  Auger  Rates  and  Oscillator  Strengths  for  Acceptor  Bound  Exc items  in  Si  and  Ge 

The  major  recombination  mechanisms  for  excitcns  in  moderately  and  heavily 

doped  indirect  semiconductors  are  due  to  Auger  processes.  In  this  process  an 

exciton  bound  to  a  neutral  impurity  recombines  with  the  energy  being  absorbed 

by  carrier  originally  bound  to  the  neutral  impurity.  Under  this  program,  the 

first  theoretical  calculations  of  this  effect  were  carried  out  for  acceptors 

in  Si  (see  publication  list  item  1  and  2)  and  experiments  measuring  the  decay 

rates  of  bound  excitcns  were  carried  which  confirmed  the  predictions  of  the 

theory  (see  publication  list  item  3) .  The  theory  was  extended  to  cover  the  case 

of  excitons  bound  to  acceptors  in  direct  band  gap  materials  (see  publication 

* 

list  item  4).  The  theoretical  results  also  included  a  calculation  of 
the  oscillator  strength  for  radiative  recombination  in  the  no-phonon  channel 
(see  publication  list  item  4). 

B.  Auger  Decay  Versus  Radiative  Decay  in  HgGdTe  Alloys 

Theoretical  predictions  of  radiative  decay  and  the  Auger  decay  were  made 
for  Hg^.^CdgTe  alloys  as  a  function  of  alloy  composition  x.  It  was  found 
that  alloys  with  a  band  gap  of  less  than  0.5  eV  the  radiative  recombination 
mechanism  dominates  while  alloys  with  a  band  gap  of  greater  than  0.5  eV  the 


Auger  recombination  mechanism  dominates  (see  publication  list  items  2  and  4) . 
These  results  are  supported  by  the  experimental  results  obtained  on  HgCdTe 
alloys  with  differing  x  (see  publication  list  items  5  and  6) . 

C.  Near  Band  Photoluninescence  of  HgCdTe  Alloys 

We  made  the  first  published  study  of  the  photoluninescence  spectra  of 
Hg(l.x)CdxTe  alloys  for  x  ~  0.3  and  x  :  0.4.  The  small  x  material  shews 
spectral  features  which  we  interpret  as  band- to- band,  and  donor- acceptor 
recombination .  The  large  x  material  shows  spectral  features  which  are  band- 
to-band,  donor-acceptor,  and  bound  excitan  recombination.  These  results  are 
presented  in  publications  5  and  6.  The  results  support  the  theoretical 
results  discussed  in  Section  B.  The  variation  of  the  energy  of  the 
luminescence  with  position  on  the  sample  offers  a  method  for  measuring  the 
variation  in  composition  and  band  gap  across  the  layer  (see  publication  6) . 

D.  Theory  of  Nonlinear  Absorption  in  p-type  Semiconductors 

The  first  realistic  solid  state  theory  of  the  nonlinear  optical  absorption 
in  p-type  semiconductors  was  presented  in  publications  8  and  9.  This  theory 
was  very  successful  in  accounting  for  the  first  time  for  the  saturation  in 
the  absorption  observed  at  high  laser  intensities  at  10.6  w  in  Ge.  This  theory 
was  generalized  to  include  the  effects  of  ionized  inpurity  scattering, 
residual  (non-carrier  induced)  absorption  and  the  effects  of  hole-hole  scat¬ 
tering  in  publication  10.  In  publication  11  this  theory  was  extended  from 
Ge  to  the  III-V  semiconductors  with  large  spin-orbit  splitting.  These 
included  GaAs,  GaSb,  InAs,  AlSb  as  well  as  Ge.  The  theory  was  further  extended 


to  include  Ihe  effects  of  the  spin  orbit  split-off  valence  band  in 
publication  12. 

E.  Theory  of  Pimp  and  Probe  Experiments 

To  develop  an  understanding  of  the  hole  distribution  in  p-type  semicon¬ 
ductors  under  intense  10.6  im  irradiation  experiments  pimp  and  probe  experiments 
have  been  performed.  In  these  experiments  the  sample  is  irradiated  with  an 
intense  10.6  im  laser  pulse  and  the  transmission  through  the  sanple  is  measured 
at  3  un.  In  publication  13,  a  theory  of  what  should  be  observed  in  these 
experiments  was  developed  and  compared  with  experiment.  The  agreement 
between  the  theory  and  experiment  are  very  good. 

F.  Photoconductivity  of  Ge  under  10.6  w  Radiation 

It  is  known  that  the  response  of  carriers  to  10.6  un  radiation  in  Ge  produces  a 
change  in  the  conductivity  due  to  the  holes.  This  occurs  because  the  high 
intensity  radiation  changes  the  carrier  distribution  and  hence  the  effective 
mobility.  In  publication  14,  the  theory  of  this  phenomenon  is  presented. 

Again  the  agreement  between  theory  and  experiment  is  quite  good. 

G.  Nonlinear  Refractive  Index  of  p-type  Semiconductors 

A  theory  of  the  change  in  the  refractive  index  of  p-type  semiconductors 
due  to  the  changes  in  the  carrier  distribution  was  presented  in  publication 
15.  At  present,  there  is  no  experimental  data  on  this  phenomena  although  the 
theory  predicts  that  such  changes  in  the  refractive  index  should  be  observable 
for  samples  doped  higher  than  3  •  lO^cm  3. 


H.  Experimental  Measurements  of  the  Saturation  in  Absorption  in  p-type  Ge 

An  experimental  apparatus  was  constructed  to  measure  the  absorption  as  a 
function  of  intensity  using  a  00^  laser.  Experiments  were  performed  cm  Ge 
and  Si  sanples  in  which  for  the  first  time  the  saturation  as  a  function  of 
doping  was  measured.  The  results  were  found  to  be  in  good  agreement  with 
the  theory.  The  experimental  results  were  presented  in  publication  7. 

I.  Review  cn  Theory  of  Nonlinear  Optical  Absorption  Associated  with  Free 
Carriers  in  Semiconductors 

From  above  one  can  see  that  a  major  program  was  carried  out  to  study  the 
nonlinear  optical  effects  associated  with  free  carriers  in  semiconductors. 

The  results  of  this  study  are  presented  in  an  invited  review  article  to  be 
published  in  the  IEEE  Journal  of  Quantum  Electronics.  A  preprint  of  this 
article  is  included  in  Appendix  B  which  will  be  published  in  the  November 
1982  issue  of  this  journal. 
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Auger  transition  rates  for  exdtons  bound  to  acceptors  in  Si  and  Get 

G.  C.  Osbourn  and  D.  L.  Smith 
California  Institute  of  Ttehnobfy.  Pasadena.  California  91 125 
(Received  28  June  1977) 

We  present  calculation!  of  the  phononless  Auger  transition  rates  for  excuons  bound  to  the  four  common 
shallow  acceptors  (B,  A),  Ga,  and  In)  in  Si  and  Ge  The  calculated  rates  for  the  bound  excuons  in  Si  vary 
significantly  for  the  different  acceptors,  increasing  rapidly  as  the  acceptor  binding  energy  increases.  This  is 
in  agreement  with  the  rapid  drrreesr  with  increasing  acceptor  binding  energy  of  measured  accept  or  bound- 
eaciton  Ufatancs  ia  Si.  Numerically,  the  calculated  Auger  rates  are  within  about  a  factor  of  i  of  rbe 
measured  recombination  rates  for  the  different  acceptors  The  dependence  of  the  Auger  rates  on  acceptor 
binding  energy  is  due  to  an  increased  spreading  in  momentum  space  of  tbe  bound-exciton  wave  function.  In 
Ge.  the  calculated  Auger  rates  are  orders  of  magnitude  less  than  the  measured  free-e xenon  recombination 
rate  m  undoped  Ge,  suggesting  that  the  phononless  Auger  transition  is  not  important  for  acceptor  bound 
excitons  in  Ge.  This  is  consistent  with  the  experimental  observation  that  light  doping  with  shallow  acceptors 
has  little  effect  on  the  lifetimes  of  photoexcited  earners  at  low  temperatures  in  Ge;  whereas,  in  Si  the 
carrier  lifetimes  can  be  decreased  by  orders  of  magnitude.  The  principal  difference  between  Si  end  Ge  is  that 
the  acceptor  binding  energies  are  much  greater  in  Si  then  they  are  in  Ge. 


1.  INTRODUCTION 

A  bound  exciton  (BE)  consists  of  three  carriers 
(two  holes  and  one  electron  for  acceptor  BE;  two 
electrons  and  one  hole  for  donor  BE)  bound  to  a 
charged  impurity.  Because  in  a  BE  three  carriers 
are  localized  in  the  same  region  of  space,  an  Aug¬ 
er  transition,  in  which  an  electron  recombines 
with  a  hole  and  the  energy  is  carried  off  by  the 
third  carrier,  can  occur.  Auger  transitions  are 
believed  to  limit  the  lifetimes  of  bound  excitons  in 
many  cases.1'4  Auger  transitions  have  also  been 
shown  to  be  important  in  band-to-band  recombina¬ 
tion  and  carrier  capture  at  a  trap  site.4- 5  These 
processes  have  been  studied  theoretically/*4  but 
to  our  knowledge,  no  quantitative  calculations  of 
BE  Auger  rates  in  semiconductors  have  been  pre¬ 
sented. 

The  bound-exciton  lifetimes  for  the  four  common 
shallow  acceptors  in  Si(B,  Al.Ga.ln)  have  recently 
been  measured.1  The  BE  lifetime  was  found  to  be 
significantly  shorter  than  the  free-exciton  (FE) 
lifetime  in  undoped  Si  for  each  type  of  acceptor. 
The  BE  lifetime  was  strongly  dependent  on  the  type 
of  acceptor,  decreasing  rapidly  (at  least  a  factor 
of  200  from  Si:B  to  Si:In)  as  the  acceptor  binding 
energy  increased.  The  lifetimes  were  interpreted 
as  due  to  Auger  transitions  without  phonon  assis¬ 
tance.  Qualitatively  similar  behavior  has  been  ob¬ 
served  for  excitons  bound  to  acceptors  in  GaP.1 
The  lifetimes  for  the  BE  in  Gap  were  also  inter¬ 
preted  as  limited  by  phononless  Auger  transitions. 

Because  the  BE  lifetimes  are  shorter  than  the 
FE  lifetimes  in  undoped  Si,  the  addition  of  small 
concentrations  of  shallow  acceptors  can  greatly 
change  the  decay  rate  of  photoexcited  carriers  in 


Si  at  low  temperatures.  For  example,  the  free- 
exciton  lifetime  in  undoped  Si  is  2.6  usee."  If  Si 
is  doped  with  In  at  the  10"  cm*1  level  (or  greater), 
the  lifetime  of  photoexcited  carriers  (low  excita¬ 
tion)  is  reduced  to  less  than  5  nsec.1  This  dramat¬ 
ic  reduction  in  carrier  lifetime  is  most  likely  due 
to  capture  of  a  FE  at  the  impurity  to  form  a  BE 
(the  cross  section  for  this  process  has  recently 
been  shown  to  be  very  large  for  Sirin  at  tempera¬ 
tures  less  than  10  °K’)  followed  by  Auger  recom¬ 
bination  of  the  BE.  The  rate  limiting  step  in  the 
process  is  the  Auger  recombination  rate  (for  dop¬ 
ing  in  the  10‘6  cm'1  or  greater  level  and  tempera¬ 
tures  less  than  10  °K).T 

In  contrast  to  Si,  doping  Ge  with  shallow  accept¬ 
ors  at  the  10‘4  cm-1  level  has  little  effect  on  the 
lifetime  of  photoexcited  carriers  for  temperature 
and  excitation  conditions  at  which  electron-hole 
drops  are  not  formed. ’• 9  Both  FE  and  BE  are  ob¬ 
served  in  the  luminescence  spectrum  of  Ge  under 
these  conditions  and  both  decay  with  the  lifetime  of 
the  FE  in  undoped  Ge.  Thus,  it  appears  that  Auger 
transitions  for  the  BE  in  Ge  are  slow  processes. 

In  this  paper,  we  present  calculations  of  the  BE 
Auger  rates  for  the  common  shallow  acceptors  in 
Si  and  Ge.  The  purpose  of  the  calculation  is  to  un¬ 
derstand  the  strong  dependence  of  the  Auger  rate 
on  acceptor  type  in  Si  and  the  qualitatively  differ¬ 
ent  effect  doping  with  shallow  acceptors  has  on  the 
lifetime  of  photoexcited  carriers  in  Si  and  Ge.  The 
result  of  the  calculation  shows  the  observed  depen¬ 
dence  of  the  BE  lifetime  on  acceptor  type  in  Si  and 
is  within  about  a  factor  of  3  of  the  measured  life¬ 
time  in  absolute  value.  The  computed  BE  Auger 
rates  in  Ge  are  found  to  be  much  slower  than  the 
measured  free-exciton  lifetime  in  Ge.  The  impor- 
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tant  difference  in  the  two  materials  is  that  the 
holes  are  much  more  strongly  bound  to  the  accep¬ 
tors  in  Si  than  they  are  in  Ge. 

The  paper  is  organized  in  the  following  way:  the 
qualitative  physics  of  the  Auger  transition  is  dis¬ 
cussed  in  Sec.  II.  In  Sec.  Ill,  the  calculation  is 
presented,  and  the  result  of  the  calculation  is  com¬ 
pared  with  experiment.  Our  conclusions  are  given 
in  Sec.  IV.  Calculational  details  are  included  in 
Appendix  A.  Appendix  6  contains  a  calculation  of 
BE  no-phonon  oscillator  strengths  used  to  test  the 
BE  wave  function  used  in  the  Auger  calculation. 

II  QUALITATIVE  PHYSICS  OF  THE  AUGER  TRANSITIONS 

In  their  work  on  GaP,  Dean  and  co-workers  ar¬ 
gued  that  the  dependence  of  acceptor  BE  lifetimes 
on  acceptor  type  could  be  understood  as  due  to  an 
increased  localization  (hence,  an  increased 
spreading  in  K  space)  of  the  hole  wave  function  in 
the  BE  for  the  more  tightly  bound  acceptors.2 
(They  did  not,  however,  present  quantitative  cal¬ 
culations  of  the  BE  Auger  rates  to  support  their 
arguments.)  We  believe  that  the  physical  picture 
they  suggest  also  applies  to  Si  and  can  be  used  to 
understand  the  qualitatively  different  effect  of  dop¬ 
ing  with  shallow  acceptors  on  carrier  lifetimes  in 
photoexcited  Si  and  Ge. 

In  the  acceptor  BE  (initial  state  of  the  Auger 
transition)  there  are  two  holes  near  the  valence- 
band  maximum  and  an  electron  neat  the  conduc¬ 
tion-band  minimum.  The  final  state  of  the  acceptor 
BE  Auger  transition  has  one  hole  in  the  valence 
band.  The  holes  in  the  BE  are  spread  in  K  space 
because  they  are  localized  about  the  acceptor.  The 
electron  state  will  also  be  spread  in  K  space,  but 
the  spreading  will  be  small  compared  to  that  of  the 
holes  because  the  electron  is  not  localized  as  much 
as  the  holes.  The  wave  vector  of  the  final-state 
hole  lies  on  a  constant  energy  surface  as  required 
by  energy  conservation  in  the  transition.  Carrier- 
carrier  scattering,  which  conserves  total  wave 
vector,  is  the  dominant  interaction  responsible 
for  an  Auger  transition.  Thus,  for  the  Auger  tran¬ 
sition  to  take  place,  the  initial  BE  state  must  have 
an  amplitude  to  contain  wave  vectors  which  are  ac¬ 
cessible  to  the  final-state  hole.  The  conduction- 
band  minimum  is  rather  far  in  K  space  from  the 
constant  energy  surface  of  the  final-state  hole. 
Since  the  BE  wave  function  is  peaked  at  the  con¬ 
duction-band  minimum,  spreading  of  the  BE  wave 
function  in  K  space  is  essential  for  the  Auger  tran¬ 
sition  to  occur,  in  Si,  the  holes  in  the  acceptor  BE 
are  well  localized,  resulting  in  large  hole  wave 
function  spreading  and  fast  Auger  rates.  The  de¬ 
pendence  on  acceptor  type  occurs  because  the  ac¬ 
ceptors  with  larger  binding  energy  bind  the  holes 


in  the  BE  more  tightly  leading  to  faster  Auger 
rates.  In  Ge,  the  holes  in  the  acceptor  BE  are  not 
tightly  bound,  so  in at  the  hole  wave-function 
spreading  is  small  and  the  Auger  rates  are  slow. 

In  principle,  the  Auger  transition  could  be  phonon 
assisted.  In  contrast  to  the  phononless  Auger 
transition,  an  Auger  transition  involving  a  phonon 
should  not  be  sensitive  to  the  wave-function 
spreading  in  the  BE  because  the  phonon  would  make 
up  the  difference  in  wave  vector  between  the  peak 
in  K  space  of  the  BE  wave  function  and  the  final- 
state  hole.  As  a  result  the  phonon-assisted  Auger 
transition  rate  should  be  insensitive  to  the  accep¬ 
tor  type.  Since  the  observed  BE  lifetimes  in  Si 
are,  in  fact,  very  sensitive  to  the  acceptor  type, 
the  acceptor  BE  Auger  transitions  in  Si  most  likely 
occur  without  phonon  assistance.  In  Ge,  it  is  very- 
difficult  to  know  whether  the  phonon-assisted  or 
no-phonon  Auger  transition  is  more  likely.  Exper¬ 
imentally,  neither  process  appears  to  be  impor¬ 
tant.  We  will  show  that  the  no-phonon  Auger  pro¬ 
cess  (which  dominates  in  Si)  is  slow  in  Ge. 

In  order  to  compute  the  BE  Auger  rate,  it  is  nec¬ 
essary  to  know  the  BE  wave  function.  It  is  very- 
difficult  to  compute  this  wave  function  accurately, 
and  we  use  an  idealized  model.  In  particular,  we 
describe  the  interaction  of  the  holes  with  the 
charged  acceptor  by  a  Coulomb  potential  and  a 
short-range  square  well.  For  Si:Al  and  Ge:Ga  (the 
impurity  has  the  same  core  structure  as  the  host) 
the  strength  of  the  short-range  well  was  taken  to 
be  due  only  to  the  wave-vector  dependence  of  the 
dielectric  function.  For  the  other  impurities,  it 
was  adjusted  to  produce  the  observed  acceptor 
binding  energies  for  a  simple  hydrogenic  model  of 
the  acceptor.  In  order  to  check  the  approximate 
validity  of  the  model  BE  wave  function,  we  used  it 
to  compute  no-phonon  oscillator  strengths  for  BE 
absorption.  For  Si:Al,  Si:Ga,  and  Si:In  the  results 
are  within  a  factor  of  2  of  the  measured  values.'" 
For  Si:B,  the  computed  oscillator  strength  is 
about  a  factor  of  4  too  large.  We  readjusted  the 
strength  of  the  square  wells  so  as  to  give  wave 
functions  which  produce  the  measured  oscillator 
strengths.  This  procedure  is  appropriate  because 
both  the  no-phonon  oscillator  strength  and  the  Aug¬ 
er  transition  rate  depend  sensitively  on  the  extent 
of  A- space  spreading  of  the  hole  wave  function  and 
hence  on  the  strength  of  the  short-range  potential. 

In  contrast,  the  acceptor  binding  energy  is  not  as 
strongly  dependent  on  the  strength  of  the  short- 
range  potential.  For  Ge,  the  computed  oscillator 
strengths  were  so  small  that  they  are  probably  not 
observable.  This  is  consistent  with  the  lack  of  no¬ 
phonon  BE  optical  transitions  for  Ge  doped  with 
acceptors,  but  is  not  of  much  help  in  the  Auger 
rate  calculations. 
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111.  CALCULATION  OF  AUGER  TRANSITION  RATES 

From  time-dependent  perturbation  theory,  the 
BE  Auger  transition  rate  is  given  by 

KF,Jf|7>|Jfl(£i-£,)  .  (1) 

■  11  fmi 

Here  |F)  is  the  final  state  which  consists  of  a  free 
hole.  1 7)  is  the  BE  initial  state,  and  H  is  the  Ham¬ 
iltonian  for  the  solid.  (The  states  |/>  and  |F>  are 
only  approximate  eigenstates  of  H.)  The  BE  wave 
function  has  the  form 


Here  e  is  the  dielectric  function,  G  and  C  are  re¬ 
ciprocal-lattice  vectors,  and 

J ,  (6) 

where  u  is  the  periodic  part  of  the  Bloch  function 
and  fl  is  the  sample  volume. 

The  maximum  contribution  to  the  matrix  element 
comes  from  terms  with  G  *  0  so  that  the  denomin¬ 
ator  can  be  small.  The  6  function  in  Eq.  (5)  re¬ 
quires  that 


W  =  *<*»« 

(2) 


where  is  a  Slater  determinant 

with  the  valence-band  states  (6,m,)  and  (k'tm2) 
empty  and  the  conduction-band  state  (k,o,)  oc¬ 
cupied.  Here  m ,  and  m  2  label  the  four  hole  bands 
degenerate  at  the  valence-band  maximum  and  ot 
labels  the  electron  spin.  For  simplicity,  we  neg¬ 
lect  valley  orbit-splitting  effects  in  the  BE  and  re¬ 
strict  the  electron  to  a  particular  conduction-band 
minimum.  is  the  amplitude  that  a  particular 

determinant  is  contained  in  the  BE  wave  function; 
J  is  the  total  hole  spin  (2  or  0)  with  projection  M 
along  the  Z  axis.  The  final  state  is 


iF>  =  *(*,<7,)  ,  (3) 

where  +(6,o,)  is  a  Slater  determinant  with  the  val¬ 
ence-band  state  (6,0,)  empty  and  o,  is  the  final- 
state  hole  spin.  (We  neglect  spin-orbit  splitting 
in  the  final  state  and  the  hole  band  index  is  in¬ 
cluded  with  of.) 

Using  the  wave  functions  given  by  Eqs.  (2)  and 
(3),  the  transition-matrix  element  becomes11 

£  <v*.. *;.*.) 

^****•1*3 


-  o  )), 

a  2  al  //  «  < 

M) 

where  0  is  a  one-electron  Bloch  function  and  V„ 
is  the  Coulomb  interaction.  The  two-electron  mat¬ 
rix  elements  in  Eq.  (4)  can  be  written 


"  S'w  lc,"‘iw.lc' 


e,4.E,-e,-e;+5'=o  <7> 

for  C-0.  The  amplitude  function,  A,  will  be  peak¬ 
ed  at  IF, -£{-0  and  where  k,B  is  the  conduc¬ 

tion-band  minimum.  The  wave  vector  ft,  lies  on  a 
constant  energy  surface.  For  Si,  tc,0  is  about  829c 
of  the  way  out  in  the  Brillouin  zone  in  the  [  100]  di¬ 
rection12  and  6,  is  approximately  25%  of  the  way 
out  in  the  zone  with  the  value  varying  somewhat 
with  the  direction  of  ft,.  Under  these  conditions, 
the  most  important  term  in  the  sum  over  C'  will 
be  with  C'  »  0.  For  Ge,  E,0  is  at  the  zone  edge  in 
the  [ill]  direction  so  that  there  is  a  nonzero  C' 
that  puts  tt,0  +  C'  at  the  zone  edge  in  the  [HI]  direc¬ 
tion.  Both  this  term  and  the  one  with  C'  =  0  will  be 
significant  in  the  sum  on  C'.  These  two  terms  are 
important  for  different  values  of  6,  so  there  is  no 
interference  between  them,  and  they  give  the  same 
contribution  to  the  Auger  rate.  Thus,  we  evaluate 
the  contribution  to  one  of  the  terms  and  multiply 
this  by  a  factor  of  2.  (Since  our  conclusion  will  be 
that  the  BE  Auger  rate  in  Ge  is  several  orders  of 
magnitude  smaller  than  the  measured  free-exciton 
lifetime,  this  factor  of  2  is  not  important.)  Thus, 
for  Si  and  Ge  we  need  only  consider  the  term  2 
=5'  =  0  in  Eq.  (5). 

The  wave-function  amplitude  function  is  taken  to 
have  the  form 

*i,  6, ) « C"^/, (6, )/,(*;)/.(*.)  .  (8) 

where  the  coefficients  C  are  chosen  to  give  wave 
functions  that  are  eigenstates  of  the  total  spin  of 
the  two  holes.  In  particular,  we  have 

c*vc;vc*vc;v'  <8‘i 

and 

qV^-^V-^VTr 

and  all  others  are  zero.  The  BE  wave  function  is 
properly  normalised  so  long  as  the  one-electron 
functions  /,  and  /,  are.  Using  this  notation,  Eq.  (4) 
becomes 


i 


16 


AUGER  TRANSITION  RATES  FOR  EXCITONS  BOUND  TO... 


5429 


v.V,  ’’  ■  <»> 


We  next  consider  the  overlap  integrals  U .  Both 
kf  and  k„  are  toward  the  zone  center  and  in  the  up¬ 
per  valence  band.  From  the  £  •  p  calculations  oi 
Cardona  and  Poliak, 11  we  see  that  overlap  Integrals 
of  the  form  are  not  strongly  dependent  on 

the  magnitude  of  Z,  or  ft,  in  Si  and  Ge,  and  we  make 
the  approximation 


'  (11) 

The  value  depends  on  m„  a,,  and  the  final-state 
hole  band  index  bf.  An  analogous  approximation 
cannot  be  used  for  in  Si  because  it  is  zero 

at  if; «  0  and  ft,  =  C,0.  Since  the  spreading  in  ft-space 
of  the  holes  in  the  BE  is  much  greater  than  that  for 
the  electron,  we  set  ft,  =  E,0  and  expand  in  It  •  p  per¬ 
turbation  theory  for  k'„  away  from  the  zone  center. 
Using  the  It  •  p  perturbation  theory,  the  periodic 
part  of  the  hole  Bloch  function  is 


"  V j(r>  *  "0'2<r)+T»" 

E„-E> 


(12) 


where 

?(£/)« 

x/,(ft,+E;-ft ,) 

e*Z' 

*  £  (ft* -t,  )|Rt -it,  |2  •  (14b) 

To  obtain  the  transition  rate,  the  matrix  ele¬ 
ment  is  squared,  averaged  over  the  initial  BE 
states  and  summed  over  final  states.  The  most 
important  final  hole  states  are  in  the  two  upper 
valence  bands;  these  two  bands  are  degenerate  in 
the  (100J  and  (111)  directions.  We  include  only 
these  two  bands  in  the  summation  and  neglect  the 
fact  that  they  are  not  degenerate  in  all  directions.15 
The  remaining  summations  on  discrete  indices  can 
be  performed  in  a  straightforward  but  tedious  way. 
The  result  becomes 

1/t  -[Dl’B  ,  (15a) 

where 

I  D\  *  ■  [2KB*  I  <ur  !«.>  !’(-£) 8  -I tyf^"*** ! 2  (15b) 


where  b  labels  bands  and  o'  spins.  Then  we  have  and 


where 


M, 


=±-Yvn> 

*»  T5'-  40  *  E0-E , 


(13a) 


(13b) 


The  only  band  which  makes  a  significant  contribu¬ 
tion  to  the  sum  in  Eq.  (13b)  for  Si  is  the  r15  con¬ 
duction  band.  If  ft,0  is  taken  to  define  the  Z  direc¬ 
tion,  the  Z  component  of  M  is  zero. 

In  Ge,  tw-j.-w’.  is  not  zero  as  it  is  in  Si.  How¬ 
ever,  the  C  -  p  calculations  of  Cardona  and  Poliak13 
show  that  this  overlap  integral  is  small.  We  have 
computed  the  Auger  rates  in  Ge  both  approximating 
»»■*».<>•  by  and  usin8  the  Is  ■  p  expansion 

similar  to  Si  (that  is,  setting  Um vt,o0,  equal  to 
zero).  The  second  result  gave  almost  an  order  of 
magnitude  larger  Auger  rates.  It  is  the  one  we  re¬ 
port.14  For  Ge,  the  Tj  conduction  band  makes  the 
dominant  contribution  to  the  sum  in  Eq.  (13b). 

With  these  approximations,  the  transition-matrix 
element  becomes 


14  Uomgtt/o/MomflggO,  '  »  (Ha) 


Bsir  jin?  J  <150 

The  factor  of  2  in  square  brackets  is  to  the  in¬ 
cluded  for  Ge  but  not  for  Si.  In  Eq.  (15),  T  refers 
to  the  r„  conduction-band  state  for  Si  and  the  T', 
conduction-band  state  for  Ge;  c  refers  to  the  con¬ 
duction-band  minimum  (A,  in  Si  and  L,  in  Ge)  and 
P,  is  the  x  component  of  the  momentum  operator. 
(The  minimum  of  the  conduction  oand  is  taken  to 
define  the  Z  axis;  the  x  and  y  components  which 
appear  in  the  product  M  give  equal  contribu¬ 
tions  to  the  transition  rate.) 

To  evaluate  £(£/),  it  is  necessary  to  obtain  the 
envelope  functions /,(£,)  and  /,( k,).  As  a  first  ap¬ 
proximation,  we  use  effective -mass  theory  with  a 
simplified  model  for  the  band  structure.  The  elec¬ 
tron  effective  mass  is  taken  to  be  spherical  with 
a  value" 

l/m,«  i(l7m,+  1/m,),  (16) 

where  m,  is  the  transverse  electron  effective  mass 
and  m,  is  the  longitudinal  electron  effective  mass. 
The  interaction  between  the  holes  and  the  charged 
acceptor  is  taken  to  be  a  Coulomb  part,  screened 
by  the  static  dielectric  function,  plus  a  short- 
range  square  well.  The  radius  of  the  square  well 
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is  taken  to  be  the  covalent  radius  of  the  host.  For 
Si :  A1  and  Ge  :Ga  (the  impurity  with  the  same  core 
structure  as  the  host),  the  square  well  is  taken 
to  be  due  only  to  the  dielectric  function.  In  Appen¬ 
dix  A,  we  obtain  an  expression  for  the  depth  of 
square  well  for  Si :  A1  and  Ge :  Ga  based  on  this 
assumption.  The  hole  effective  mass  is  taken  to 
be  spherical.  We  chose  a  value  for  the  hole  ef¬ 
fective  mass  by  making  a  variational  calculation 
for  the  Si :  Al  and  Gt :  Ga  acceptors,  using  a  Is 
hydrogenic  wave  function  and  fitting  the  measured 
binding  energy.  For  impurities -other  than  Al  m 
Si  and  Ga  in  Ge,  we  determine  the  depth  of  the 
square  well  by  making  a  variational  calculation 
for  the  acceptor  using  a  Is  hydrogenic  wave  func¬ 
tion  and  fitting  the  measured  binding  energy.  The 
interaction  between  the  electron  and  the  charged 
acceptor  was  taken  to  be  the  same  as  for  holes 
but  with  the  sign  changed. 

As  a  first  approximation,  fk  and  /,  are  assumed 
to  have  a  Is  hydrogenic  form 

/.(*)=  (-^-)  '  jpr ;  *  <17a> 

/.<*>=  (p-)  '  [FTtf/alT  •  (17b) 

The  Bohr  radii  for  the  holes  and  electrons  are 
determined  from  a  variational  calculation. 

There  are  corrections  to  the  effective -mass  ap¬ 
proximation  for  wave  vectors  far  from  the  band 
extrema  because  the  hole  dispersion  curves  are 
not  parabolic  at  large  k.  We  take  these  correc¬ 
tions  into  account  by  substituting  the  hydrogenic 
form  into  the  Hartree  equation  for  the  holes  in  the 
BE 


/»»>■  istVe;  £  vwflm.  a*) 

Here  £(fc)  is  the  hole  dispersion  curve,  £,  is  the 
one  hole  Hartree  energy,  /'  is  the  hydrogenic 
form  for  the  hole  wave  function  [Eq.  (17a)]  and  V  ■ 
is  the  Hartree  potential  seen  by  the  hole  computed 
taking  the  hydrogenic  forms  tor  the  envelope  func¬ 
tion 


v(r)._+7?5r 


-e 


<  j  if  dV  VJt'Hr) .  (19) 


Here  the  short-range  square  well  of  radius  R  and 
depth  V0  has  been  replaced  by  a5  function  for  con¬ 
venience.  (The  Fourier  transform  of  the  square 
well  is  effectively  constant  for  the  range  of  wave 


vectors  of  interest.)  Evaluating  the  integrals  using 
the  hydrogenic  functions  and  using  the  (act  that 
the  hole  Bohr  radius  is  much  smaller  than  the 
electron  Bohr  radius  gives 


V(r)=* 


VeR,6 (r). 


(20) 


Using  this  form  for  the  potential,  the  iterated 
wave  function  is 

, v  e‘  4"  1 

w-Tffi  uTF’-eIO+e. 

/  1  6  VJP  \ 

*  IFTW +  1W+ W  *!?%(oj)  • 

(21) 

Although  this  function  appears  to  be  quite  different 
than  the  hydrogenic  form,  they  are  numerically 
rather  close  at  small  k.  At  large  k,  where  both 
functions  are  small,  the  iterated  functions  dies 
off  more  slowly  with  increasing  k  than  the  hydro¬ 
genic  form.  We  compare  the  two  functions  for  k 
in  the  [111]  direction  for  Si : Ga  in  Fig.  1. 11  (Si : Ga 
represents  a  case  with  an  intermediate  value  for 
the  strength  of  the  short  range  potential.  The  [ill] 
direction  is  the  one  of  greatest  interest  because 
the  hole  dispersion  curves  for  Si  and  Ge  drop  off 
most  slowly  in  this  direction  so  that  the  hole  wave 
function  is  spread  most  effectively  in  this  direc¬ 
tion.)  In  the  calculations  of  Auger  rates  and  no¬ 
phonon  oscillator  strengths,  we  will  only  need  the 


FIG.  1.  Hole  envelope  function  for  the  BE  In  SI:Ge  vi 
wave  vector  In  units  of  the  bole  Bohr  rsdius.  The  dtehed 
line  ie  the  hydrogenic  form  for  the  envelope  function 
[see  Eq.  (17s))  and  the  solid  line  Is  the  iterated  form 
(see  Eq.  (21)).  The  wsve  vector  Is  in  the  [111)  direction; 
| Ale  *12  corresponds  to  die  tone  edge. 
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TABLE  I.  No-phonoe  oscillator  strengths  lor  uMplor 
BE  UsSi. 


Measured 

Calm  Uteri 

Si :  B 

~2  xlO"4*-' 

8.7  x  10-* 

3i  :A1 

7  xlO*** 

S.S  x  10-4 

Si  :  Gs 

1  >10*“ 

9.0  » 10"* 

Si  :ln 

9  x  1«"“ 

9.3  x  10"‘ 

'Reference  10 

‘Estfmated  from  the  measured  TO- phonon  oscillator 
strength  of  Ref.  10  and  the  ratio  of  TO  to  no-phonon 
emission  intensity  given  by  R.  Sauer  and  J.  Weber 
(Phys.  Rev.  Lett.  36,  48  (1976)1. 


iterated  form  of  the  hole  vave  function  in  the  tail 
region. 

In  order  to  teat  the  validity  of  the  BE  wave  func¬ 
tion,  we  have  used  this  function  to  compute  no¬ 
phonon  oscillator  strengths  for  acceptor  BE  in  & 
and  Ge.  The  details  of  this  calculation  are  given 
in  Appendix  B.  In  Ge,  the  acceptor  BE  no-phonon 
optical  transitions  are  too  weak  to  observe.  '*  Our 
calculation  produces  very  small  oscillator 
strengths";  this  is  consistent  with  experiment, 
but  not  very  helpful.  In  Si,  the  acceptor  BE  no- 
phonon  oscillator  strengths  have  been  measured. 10 
In  Table  1,  we  list  the  measured  oscillator 
strengths  and  the  computed  values  for  Si.  For 
Si :  Al,  Si :  Ga  and  Si :  In,  the  results  are  within 
about  a  factor  of  2  of  the  measured  values;  for 
Si :  B,  the  calculated  oscillator  strength  is  about 
a  factor  of  4  too  large.  Si :  B  is  different  than  the 


other  cases  because  the  square-well  potential  is 
repulsive  for  holes  in  this  case.  The  binding  ener¬ 
gy  for  the  acceptor  is  not  very  sensitive  to  the 
strength  of  this  potential;  the  no-phonon  oscillator 
strength  is  rather  sensitive  to  it  In  addition,  the 
no -phonon  oscillator  strength  is  sensitive  to  the 
tail  (in  K  apace)  of  the  hole  wave  function  in  much 
the  same  wag  as  the  Auger  transition  rate.  We 
adjust  the  depth  of  the  square-well  potential  to 
produce  the  measured  oscillator  strength.  This 
adjustment  is  most  significant  for  Si :  B,  if  we  had 
not  made  the  adjustment,  the  calculated  Auger 
rate  for  Si :  B  would  be  about  a  factor  of  3  larger 
than  that  wtuen  we  report. 

In  Table  U,  we  list  the  square-well  parameters 
and  resulting  Bohr  radii  determined  by  the  accep¬ 
tor  binding  energy  and  by  the  no-phonon  oscillator 
strengths.  We  also  list  the  acceptor  binding  ener¬ 
gies  produced  by  the  square  wells  determined  by 
the  no-phonon  oscillator  strengths,  in  Si :  B,  the 
strength  of  the  repulsive  square  well  is  reduced 
to  produce  the  measured  oscillator  strengths,  and 
as  a  result  the  corresponding  acceptor  binding 
energy  is  greater  than  the  measured  value. 

With  the  approximate  expressions  for  the  en¬ 
velope  functions,  f,  and  1m  we  can  perform  the 
integral  in  Eq.  (14b).  First,  we  note  that  the 
function  /,  is  much  more  sharply  peaked  than  the 
other  function  (the  electron  Bohr  radius  is  large) 
and  replace  it  by  a  normalized  6  function, 

/,( k.)  •  [(2f),/(»6,)‘  "]6(k,  -  k,,,)  ■  (22) 

Then  we  have 


yy  L.-.  v 


(23) 


The  calculation  would  still  be  very  lengthy  if  it 
was  done  without  further jiimpliclfation  because 
both  the  integration  in  ?(k,)  and  the  final -state 
integration  k,  involve  evaluation  of  valence -band 
energies  at  every  point.  We  have  examined  the 


integration  in  Eq.  (23)  numerically  and  found  that 
nearly  all  the  contribution  to  the  integral  comes 
from  the  region  near  k»  =  0.  This  occurs  because 
the  function  /,(k,)  is  peaked  at  k,  =  0^  There  is  no 
corresponding  contribution  at  (k*, +  because 


TABLE  H.  Square-well  parameters  and  Bohr  radii  for  acceptor  BE  in  Si.  The  diameter 
of  die  square  well  is  taken  as  the  covalent  radius  of  Si  (1.11  A).  The  unprimed  numbers  are 
determined  by  fitting  acceptor  binding  energies  and  the  primed  numbers  are  determined  by 
fitting  no-phonon  oscillator  strengths. 


Tfl t* 
(evA1) 

Ea 

(meV) 

a 

(A) 

6 

(A) 

V,R» 

(evA’l 

Pa 

OneV) 

a' 

(A) 

y 

(A> 

SJ:B 

-27.1 

46 

18.7 

51.5 

-12.0 

53 

16.4 

48.2 

SI  :A1 

2.8 

67 

13.0 

43.3 

4.9 

70 

12.4 

42.5 

St  :Ga 

5.7 

71 

12.2 

•12.1 

6.2 

72 

12.0 

41.9 

Sl-.te 

14 .8 

1M 

7.7 

34.9 

14.8 

154 

7.7 

34.9 

543: 
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of  the  factor  (k/  +  k„  -k,)  and  because  the  demon  - 
inator  '  k,_-  k, ! 2  is  large  in  this  region.  As  long 
as  ojk^^k/)  is  much  larger  than  unity,  the  in¬ 
tegral  in  Eq.  (23)  is  that  of  a  sharply  peaked  func¬ 
tion  times  a  smoothly  varying  one  in  the  region 
which  contributes.  In  this  case,  the  sharply  peaked 
function  can  be  reasonably  approximated  by  a  nor¬ 
malized  6  function.  Since  we  are  only  concerned 
with  the  part  of  /»(kt)  where  the  function  is  large 
(i.e.,  near  k,*0)  we  use  the  hydrogenic  form  to 
determine  the  normalization. 

/,(k,)*((2»)J/(ias)‘/2)6(5*)  •  (24) 


To  check  the  validity  of  this  approximation,  we 
have  used  it  for  the  integral  with  /„(k<0+  k,  -  k„) 
being  hydrogenic.  For  the  hole  Bohr  radius  pa¬ 
rameters  used  here  the  approximate  result  was 
within  50%  of  the  exact  value  determined  by  nu¬ 
merical  integration  for  all  cases  except  Si :  In . 
For  Si :  In  the  approximate  result  was  within  a 
factor  of  2  of  the  exact  result.  When  Eq.  (21)  is 
used  for  /,(kw  +  k,  -k„),  the  approximation  should 
be  better  than  for  the  hydrogenic  form  because 
/,(£*,  +  £,  -k„)  is  more  slowly  varying  near  k„  =  0 
in  this  case.  With  this  approximation,  we 
have 


(  *2  V  64/m  r. ,  l  c(0) 

'  \  2«(0 )a  )  ak,  \b )  •0  +  '  ElS^+k/l  +  E,,  «£,-k,) 

xLi - 6 _ _ 

\\Ko**,r  °2+ 


►  9  (Ik^  +  kyPa2-^)2  6le2  2<(0)a]a» 


(25) 


Here  E,  is  negligible  compared  to  £(£„+  k,);  thus, 
it  plays  no  role  in  the  calculation  of  Auger  rates. 

The  final -state  integral  in  Eq.  (15c)  is  performed 
numerically.  The  valence-band  structure  was  ob¬ 
tained  from  a  tight -binding  band-structure  calcula¬ 
tion  using  essentially  the  parameters  of  Chadi  and 
Cohen.20  We  have  changed  the  second-nearest- 
neighbor  interaction  parameter  (u„  in  the  notation 
of  Ref.  20)  by  0.21  eV  in  Si  and  0.16  eV  in  Ge  in 
order  to  produce  the  known  energies  at  the  L3  va¬ 
lence-band  points.21  It  is  desirable  to  get  this 
point  as  accurately  as  possible  because  the  largest 
contribution  to  the  density  of  final  hole  states  for 
the  Auger  transition  in  Si  and  Ge  come  with  k  in 
the  [ill]  directions.  In  Table  Ql,  we  list  param¬ 
eters  used  in  the  calculation. 

In  Fig.  2  we  show  the  result  of  the  calculation 
for  Si  along  with  experimental  bound -exciton  life¬ 
times  for  the  four  common  shallow  acceptors. 2,22 
The  calculated  lifetimes  show  the  same  dependence 
on  acceptor  type  as  the  observed  lifetimes  and 
have  numerical  values  that  differ  by  about  a  factor 
of  3  from  the  experimental  lifetimes.  Considering 
the  simplified  BE  wave  functions  used  in  the  cal¬ 
culation,  we  consider  this  agreement  between  the 
calculated  Auger  rates  and  measured  lifetimes  to 
be  quite  reasonable.  The  results  indicate  that  the 
BE  lifetimes  are  limited  by  phononless  Auger 
transitions  for  acceptors  in  Si. 

In  Ge,  it  is  difficult  to  determine  the  appropriate 
square -well  parameters  because  the  no-phonon 
acceptor  BE  oscillator  strengths  are  so  weak  that 
these  optical  transitions  have  not  been  observed. 

In  addition,  the  acceptor  binding  energies  for  the 
different  acceptors  are  nearly  the  same  in  Ge, 


and  they  are  not  very  sensitive  to  a  short-range 
potential  (due  to  the  large  Bohr  radii  of  the  ac¬ 
ceptors  in  Ge).  In  Fig.  3.  we  plot  calculated  Auger 
rates  for  acceptor  BE  in  Ge  versus  the  square - 
well  parameter  V^R5.  in  the  lower  panel  of  the 
figure,  we  show  the  electron  and  hole  Bohr  radii. 
The  range  of  the  square-well  parameter  shown  in 
the  figure  is  over  four  times  that  used  for  Si :  In. 
(The  binding  energy  of  the  Ge :  In  acceptor  is  pro¬ 
duced  by  a  well  parameter  of  31  eV  A2. )  Over  the 
entire  range  of  the  square-well  parameters,  the 
calculated  Auger  rate  is  almost  two  order  of  mag¬ 
nitude  (or  more)  slower  than  the  measured  FE 
recombination  rate  in  Ge.  (The  measured  FE 
lifetime  in  undoped  Ge  is  about  8 nsec.23)  Since  it 
seems  unreasonable  that  the  appropriate  square- 
well  depth  for  the  shallow  acceptors  in  Ge  should 
be  many  times  larger  than  that  for  Si:  In,  the  cal¬ 
culation  indicates  that  the  phononless  Auger  rate 
for  acceptor  BE  in  Ge  is  too  slow  to  significantly 

TABLE  BL  Parameters  used  to  the  calculation.  All 
symbols  are  defined  to  the  text. 


SI  Ge 


ft 

x.ii  A 

1.22  A 

m. 

0 .26m 

0.12m 

m, 

0.60m 

0.19m 

<«rf»«> 

0.8* 

0.6* 

1  <»rlp.i«rj,>l 

0.53  a.u.* 

0.68  a.u. 

Er 

3.4  eV* 

1.0  eV* 

0.57  a.u. * 

... 

1  <**>>*,)  1 

•  •• 

0.65  a.u. 

‘Reference  13. 
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Acceptor  B'ndmg  Energy  (meV) 


FIG.  2.  Bound-exclton  lifetimes  vs  impurity  binding 
energy  for  the  four  common  acceptors  in  Si.  The  hollow 
squares  are  our  calculations  of  the  Auger  lifetime  and 
the  solid  circles  are  the  measure  values  from  Ref.  3. 
Only  an  upper  bound  of  5  nsec  (indicated  by  the  top  of 
the  arrow)  was  set  on  the  BE  lifetime  for  Si:In  in  Ref.  3. 

influence  the  BE  lifetime.24  The  slow  Auger  rates 
in  Ge  follow  from  the  large  Bohr  radii. 

IV  SUMMARY  AND  CONCLUSION 

We  have  presented  a  calculation  of  phononless 
Auger  transition  rates  for  excitons  bound  to  shal  - 
low  acceptors  in  Si  and  Ge.  We  used  a  simplified 
model  for  the  BE  wave  function  and  did  not  expect 
to  produce  numerically  precise  results  (It  would 
be  a  very  formidable  task  to  calculate  a  high-pre¬ 
cision  BE  wave  function.  It  would  be  necessary 
to  include  the  degenerate  valence-band  structure, 
conduction-band  anisotropies,  and  a  realistic  im¬ 
purity-carrier  potential  in  a  three-body  problem.) 
The  purpose  of  the  calculation  was  to  understand 
the  very  large  (almost  three  orders  of  magnitude) 
dependence  of  acceptor  BE  lifetimes  observed  in 
Si,2  and  the  fact  that  shallow  acceptors  do  not  sig¬ 
nificantly  effect  the  lifetime  of  photoexcited  car¬ 
riers  in  Ge  at  low  temperature2  (qualitatively  dif¬ 
ferent  behavior  than  in  Si).  These  are  large  ef¬ 
fects  and  qualitative  differences  which  can  be  ac¬ 
counted  for  in  an  approximate  calculation. 

The  results  of  the  calculation  produced  the  strong 
dependence  of  the  Auger  rate  on  acceptor  type  for 
BE  in  Si.  The  calculated  results  deviated  from 
the  measured  BE  lifetimes  by  about  a  factor  of  3. 
For  Ge,  the  calculation  gave  Auger  rates  at  least 
two  orders  of  magnitude  slower  than  the  observed 
FE  recombination  rate  in  undoped  Ge.  We  con¬ 
clude  that  phononless  Auger  transitions  limit  the 
acceptor  BE  lifetime  in  Si,  but  are  ineffective 


FIG.  3.  Calculated  Auger  lifetimes  for  acceptor  BE  in 
Ge  vs  the  square-well  parameter  Fc/t3.  The  range  of 
square-well  parameter  is  over  four  times  that  appropri¬ 
ate  for  St:In.  Even  for  this  unrealistically  large  value, 
ihe  calculated  no-phonon  Auger  lifetime  is  almost  two 
orders  of  magnitude  greater  than  the  measured  FE  life¬ 
time  in  Ge  Indicating  that  the  phononless  Auger  trans¬ 
ition  is  not  an  Important  process  for  acceptor  BE  in  Ge. 
In  the  lower  panel,  the  hole  and  electron  Bohr  radii  are 
shown. 

in  Ge.  The  principal  difference  between  the  two 
materials  is  that  the  holes  are  much  more  tightly 
bound  to  the  charged  acceptor  in  Si  than  in  Ge.  Be¬ 
cause  the  holes  are  more  tightly  bound  in  the  Si 
BE,  the  hole  wave  function  is  more  strongly  spread 
in  K  space  and  the  Auger  rates  are  faster.  This 
effect  enters  the  calculation  primarily  through  the 
hole  Bohr  radii  which  are  much  smaller  in  Si  than 
in  Ge.  The  increased  spreading  in  K  space  for 
more  tightly  bound  acceptors  also  accounts  for 
the  dependence  of  the  Auger  rate  on  acceptor  type 
observed  in  Si. 
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APPENDIX  A:  DIELECTRIC-FUNCTION  CONTRIBUTION 
TO  SHORT-RANGE  POTENTIAL 

In  this  appendix,  we  estimate  the  contribution  to 
the  short-range  potential  due  to  the  frequency  de¬ 
pendence  of  the  dielectric  function.  We  set  the  in¬ 
tegrated  value  of  the  short-range  potential  equal 
to  that  for  a  square  well, 

±V,R’=  J  V,(r)dV=  Vt(q  =  0) . 


(26) 
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For  the  short-range  potential,  we  take 

V,(<7)  -  (4ite792)[l/t(<j)  -  l/t(0)]  .  (27) 

We  use  the  form  of  i(q )  suggested  by  Nara  and 
Morita”  for  Si;  this  gives  2.83  eV  A  for  l 
For  Ge,  we  use  the  same  form  for  the  dielec¬ 
tric  function  as  in  Si,  but  replace  c  (0)  with  the 
measured  value  for  Ge,  15.36.  This  form  is  a 
reasonable  parametrization  of  the  dielectric  func¬ 
tion  calculation  in  Ge  by  Brust.26  For  Ge,  we  have 
VJi*  =  2.89  eV  A3. 


acceptor  BE.  The  oscillator  strength  is  defined 
as 

/=(2/«umi)|a|P,(F>|2.  (28) 

Here  |P)  is  the  final-state  acceptor  BE,  |/>  is  the 
initial -state  acceptor,  P  is  the  momentum  opera¬ 
tor,  and  Hu>  is  the  photon  energy  required  in  the 
optical  transition;  Eq.  (28)  is  to  be  averaged  over 
the  initial  acceptor  states  and  summed  over  the 
final  BE  states.  Using  the  BE  wave  function  in 
Eq.  (8)  and  an  acceptor  wave  function  of  the  form 


APPENDIX  B  NO-PHONON  OSCILLATOR  STRENGTHS  |J>  =  £  F m{k)* (k ill) . 

k 

In  this  appendix,  we  use  the  BE  wave  function 
to  compute  the  no-phonon  oscillator  strengths  for  The  matrix  element  can  be  written 


{1)P,'.F)  =  Y  £  f*(5»)f*^)f,(^)F.,(k;K«  !P,!«  >(ci 


m  p  /  « 

I  j  H»2  PItM] 


(29) 


(30) 


Here  h,JO(.  is  the  periodic  part  of  the  electron  Bloch 
function  and  n,tni  is  the  periodic  part  of  the  hole 
Bloch  function.  We  assume  that  the  acceptor  en¬ 
velope  function  F( kj)  does  not  depend  on  the  hole 
spin  state  uu  and  that  near  k,  =  0  where  F(k,)  and 
f„( k,)  are  large,  they  may  be  reasonably  approxi¬ 
mated  by  hydrogenic  functions  with  Bohr  radii  nA 
and  a,  respectively.  In  this  case  we  have 


The  spin  sums  in  Eq.  (32),  initial -state  averages, 
and  final -state  sum  can  be  performed  in  a  straight¬ 
forward  but  tedious  way.  In  Si,  the  result  is 


x  4 


t 


8 

(l  +  n„/n)3 


(nbsY 


(33) 


(1  *aAZa?  v  a  / 


(31) 


Next  we  use  the  fact  that  the  spread  of  the  electron 
envelope  function  in  K  space  is  very  small  com¬ 
pared  to  that  for  holes  and  replace  /,(k„)  with  the 
normalized  8  function  given  in  Eq.  (22).  The  ma¬ 
trix  element  becomes 


</!M^-/»( M 


WV7*  (i  +  o A  /<t)3 


\u, 


\p,\« 


X  (C 


JM 
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(32) 


Here  wi5  is  the  periodic  part  of  the  hole  Bloch 
function  in  the  4*  valence  band  at  kr  and  hAi  is 
the  periodic  part  of  the  electron  Bloch  function  at 
this  point.  The  conduction -band  minimum  is  in 
the  z  direction  (a  [100]  direction). 

For  Ge,  the  result  is 


X 


8  f  8 
3  l  (1  -  ajaf 


UbT77 


(34) 


Here  vAj  and  hA|  are  periodic  parts  of  the  hole  and 
electron  Bloch  functions  at  the  conduction-band 
minimum.  The  conduction -band  minimum  is  in 
the  z  direction  (a  [ill]  direction). 
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Akatract— We  report  on  a  theoretical  and  experimental  study  of  acceptor  bound  exciton  recombination.  We  present 
calculations  of  phononless  Auger  and  radiative  recombination  in  direct  and  indirect  band  pp  materials.  We 
consider  hydrofenic  acceptors  in  the  direct  band  pp  material  Hit-.Cd.Te  in  which  the  band  pp  can  be  varied  by 
changing  alloy  composition.  We  present  calculations  of  the  Auper  transition  rate  and  no-phonon  oscillator  streafths 
for  the  common  acceptors  in  Si  and  Ge.  We  have  measured  the  bound  exchon  lifetimes  and  no-phoaon  oscillator 
strengths  for  the  acceptors  in  Si  and  find  reasonable  agreement  with  the  calculated  values. 


i.  DmooucnoN 

A  bound  exciton  (BE)  is  formed  when  an  electron-hole 
pair  becomes  attached  to  a  neutral  acceptor  or  donor. 
Once  formed  the  bound  exchon  has  a  number  of  possible 
decay  modes  available  to  it.  Recombination  can  occur 
ndiarively  (with  or  without  phonon  assistance)  as  well  as 
Don-rodiatively  by  an  Auger  transition  (with  or  without 
phonon  assistance)  [1-8].  The  relative  importance  of 
these  decay  mechanisms  is  dependent  on  the  particular 
semiconductor  considered.  At  low  temperature,  decay 
from  a  bound  exciton  state  is  often  (he  principal  decay 
route  of  a  nonequilibrium  concentration  of  electrons  and 
holes.  In  indirect  band  gap  materials,  BE  recombination 
can  be  dominated  by  the  Auger  transition  ( 1  —8].  Lightly 
doped  Si  is  an  example  of  an  indirect  material  in  which 
Auger  transitions  from  bound  exchon  states  provide  the 
dominant  decay  mechanism  for  a  non-equilibrium 
concentration  of  electrons  and  boles  [3,  7,  8].  In  Ge, 
however,  small  concentrations  of  acceptors  or  donors  do 
not  significantly  affect  the  decay  rate  of  a  nonequilibrium 
concentration  of  electrons  and  boles  [9].  In  direct  gap 
materials,  radiative  decay  of  BE  is  generally  larger  than 
Auger  recombination  [10].  For  small  band  gap  direct 
materials,  however.  Auger  recombination  can  be  faster 
than  radiative  decay. 

To  understand  and  compare  the  Auger  and  radiative 
decay  mechanisms  in  both  direct  and  indirect  semicon¬ 
ductors.  we  calculate  their  transition  rates  for  the  com¬ 
mon  acceptors  in  Si  and  Ge  (indirect)  and  for  hydrofenic 
acceptors  in  Hgi-.Cd.Te  (direct).  Hgi..Cd,Te  provides 
a  particularly  interesting  care  because  the  band  gap  can 
be  varied  by  changing  the  alloy  composition  [11].  Some 
of  our  results  for  Si  and  Ge  have  been  previously 
published  [3,  7,  12],  and  we  review  these  results  here 
briefly  for  comparison  with  the  direct  band  gap  case.  The 
calculations  for  the  direct  gap  material  Hg(-.Cd,Te  have 
not  been  previously  discussed 

2.  QUAUTATIVg  NYSCS 

In  the  acceptor  BE,  there  are  2  holes  near  the  valence 
band  maximum  and  1  electron  near  the  conduction  band 
minimum.  This  leads  to  a  BE  wavefunction  which  is 


spread  in  I; -space  about  a  point  of  maximum  amplitude 
at  the  conduction  band  minimum,  with  most  of  the 
spreading  due  to  the  more  tightly  bound  holes.  Because 
of  the  different  points  in  * -space  at  which  the  BE  wave- 
function  is  peaked,  the  Auger  and  radiative  transitions 
exhibit  qualitatively  different  behavior  in  indirect  and 
direct  gap  materials. 

In  indirect  materials,  the  initial  state  BE  has  a  total 
wavevector  of  maximum  amplitude  far  out  in  the  Bril- 
louin  zone.  In  the  Auger  transition,  the  final  state  is  an 
ionized  acceptor  with  a  hole  at  a  k -vector  that  lies  on  a 
surface  of  constant  energy  determined  by  energy 
conservation.  The  Auger  transition  depends  on  the  am¬ 
plitude  for  the  BE  to  have  k  values  that  are  accessible  to 
the  final  state  bole.  Since  the  BE  wavefunction  peaks 
near  the  zone  edge  and  the  final  state  wavevector  is  not 
as  far  out  in  the  zone,  the  Auger  rate  will  depend 
sensitively  on  BE  wavefunction  spreading  in  k- space, 
with  faster  rates  corresponding  to  larger  spreading.  In  Si. 
there  is  a  large  spreading  of  the  BE  wavefunction 
because  the  botes  are  well  localized  about  the  impurity; 
this  leads  to  fast  Auger  rates.  The  different  acceptors  in 
Si  have  significantly  different  binding  energies,  mid  they 
localize  the  BE  holes  by  varying  amounts.  Increased 
localization  leads  to  more  i -space  spreading,  so  that 
there  is  a  rapid  increase  in  Auger  rates  with  increasing 
acceptor  binding  energy.  In  Ge,  the  holes  in  the  BE  are 
bound  weakly  to  the  impurity,  so  there  is  small  k- space 
spreading  and  slow  Auger  rates.  The  calculated  lifetimes 
for  this  transition  are  too  slow  to  be  important  in  Ge. 

For  radiative  trantitiom  in  indirect  materials,  k  is 
conserved,  so  that  these  transitions  require  large  t -space 
spreading  of  the  BE  wavefunction  or  phonon  assistance. 
Since  the  phononless  radiative  transition  requires  k- 
space  spreading,  it  depends  on  acceptor  type  in  a  manner 
similar  to  the  Auger  transition  (although  lets  sensitively). 
The  photon  assisted  radiative  transitions  do  not  depend 
on  k-tpace  spreading  and  phonon  assisted  oscillator 
strengths  are  nearly  independent  of  acceptor  type[13).  In 
Si,  the  relatively  strong  localization  of  the  holes  in  the 
acceptor  BE  causes  the  no-pboooo  oscillator  strengths  to 


be  comparable  in  magnitude  to  the  phonon  assisted 
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oscillator  strengths 1 13).  In  Ce,  the  holes  are  weakly 
bound  to  the  acceptor  and  no-phonon  optical  transitions 
are  not  observed  for  the  acceptor  BE[ 9). 

For  direct  gap  materials,  the  BE  wavefunction  is 
peaked  at  the  zone  center.  In  the  Auger  transition,  the 
final  state  again  has  a  wave  vector  that  lies  on  the 
surface  of  constant  energy  determined  by  conservation 
of  energy.  The  Auger  rate  again  requires  4-space 
spreading  to  be  significant,  but  the  spreading  required  is 
only  over  a  small  portion  of  the  zone  for  small  band  gap 
materials.  The  dependence  on  spreading  leads  to  a 
dependence  of  the  Auger  rate  on  acceptor  type  with 
increasing  rates  corresponding  to  increasing  acceptor 
binding  energies.  For  a  fixed  acceptor,  the  Auger  rate 
also  depends  on  the  size  of  the  band  gap.  As  the  band 
gap  decreases,  the  final  state  wavevector  gets  closer  to 
the  zone  center,  so  that  smaller  k  values  in  the  BE 
wavefunction  contribute.  This  provides  larger  amplitudes 
for  the  initial  and  final  stale  k  values  to  match  19  so  that 
the  Auger  rate  increases  with  decreasing  gap. 

For  direct  gap  materials,  radiative  decay  can  be  very 
fast  because  phonon  assistance  and  large  wavefunction 
spreading  are  not  necessary.  The  radiative  decay 
depends  on  the  overlap  of  the  electron  and  hole  wave- 
functions.  This  leads  to  a  dependence  of  the  radiative 
transition  rate  on  band  gap  because  as  the  gap  decreases, 
the  electron  effective  mass  becomes  smaller  (from  k  ■  p 
theory)  and  the  electron  Bohr  radius  increases  [14],  As  a 
result,  the  overlap  of  electron  and  hole  wavefunctions 
decrease  as  the  gap  decreases.  In  addition,  the  density  of 
photon  states  decreases  with  the  band  gap  further  reduc¬ 
ing  the  radiative  ffansition  rate  for  small  gap  materials. 

The  dependences  of  the  Auger  and  radiative  decay 
rates  on  band  gap  size  cause  the  radiative  decay  to  be 
dominant  for  larger  gaps  and  the  Auger  decay  to  be 
dominant  for  smaller  gaps.  At  some  gap  size  a  crossover 
will  occur.  We  estimate  this  crossover  gap  for 
Hgi-.Cd,Te  (in  which  the  gap  can  be  made  arbitrarily 
small  as  x  gets  small)  with  a  bydrogenic  acceptor  and 
find  a  crossover  at  a  gap  of  about  0.3  eV  (or  x  *»  0.4). 

1  WILTS  AM)  HKUHKM 

The  details  of  the  calculation  of  the  BE  Auger  rate  for 
indirect  materials  have  been  previously  discussed  [7],  and 
we  will  just  state  the  result  here.  The  values  of  the  BE 
lifetime  r  calculated  for  each  acceptor  in  Si  are  presen¬ 
ted  in  Fig.  1  along  with  the  experimentally  observed  BE 
lifetimes.  The  experimental  procedure  used  to  measure 
the  BE  lifetime  has  been  described  elsewhere  [3).  The 
apeement  of  the  calculated  lifetimes  with  experiment  is 
reasonable  (within  a  factor  of  3  in  all  cases),  and  we 
conclude  that  the  BE  lifetimes  in  Si  are  determined  by 
the  phooonless  Auger  transition.  We  have  also  estimated 
the  Auger  rale  for  Si:TI  using  the  measured  oscillator 
strengths  end  the  radiative  efficiency  determined  by 
comparing  the  intensity  of  the  B£  luminescence  in  Si: Tl 
with  that  of  Si.Al  in  which  the  radiative  efficiency  is 
kaown(3, 12],  We  find  that  the  Anger  lifetime  in  Si:T1  is 
between  73  and  300paec. 

The  cakuleted  Auger  lifetimes  for  acceptor  BE  in  Ge 
ere  all  greater  than  10*’  tec,  which  is  2  orders  of  magni- 
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calculations  of  the  Auger  lifetime  and  the  solid  circles  are  our 
measured  values.  In  Si :  In.  are  have  only  been  able  to  set  an  upper 
bound  on  the  measured  lifetime  of  5  nsec  (indicated  by  the  top  of 
the  arrow).  Schssd[l]  has  recently  found  a  measured  lifetime  of 
2.7 nsec  for  Si:ln. 

bide  slower  than  the  free  exciton  lifetimes  [15].  We 
conclude  that  the  phooonless  Auger  transition  does  not 
determine  the  lifetimes  in  Ge.  This  result  is  consistent 
with  the  observation  that  light  doping  of  Ge  with  shallow 
acceptors  has  little  effect  on  the  lifetimes  of  photoex- 
dted  carriers  (9). 

The  details  of  the  calculation  of  the  no-phonon  oscil¬ 
lator  strengths  have  been  discussed  elsewhere  [7],  we 
stale  the  result  here.  In  Table  1  we  present  the  cal¬ 
culation  results  for  Si  and  the  observed  results  for  Si. 
The  experimental  details  have  been  presented 
elsewhere  [12].  We  also  show  the  no-phonon  radiative 
lifetime  determined  from  the  measured  oscillator 
strengths  [2]  and  the  radiative  efficiency  of  the  no-phonon 
transition.  We  see  that  the  no-phonon  radiative  efficiency 

Table  I.  No-phonon  oscillalor  strengths  and  no-phonon  radiative 
lifetimes  for  acceptor  bound  exciton  in  Si.  The  otcOator  strengths 
are  denoted  by  /.  the  lifetimes  by  r  and  the  no-phonon  radiative 
efficiency  by  q;  r  and  n  are  detennmed  by  the  mcesared  f 
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drafts  as  the  acceptor  binding  energy  increases.  The 
calculated  results  for  Si  agree  within  a  factor  of  2  with  all 
the  experimental  results  except  Si:B,  which  is  within 
about  a  factor  of  4  of  the  observed  value. 

For  Ge.  the  calculated  no-phonon  oadBetor  strengths 
are  very  small  (less  than  2x  10~7  in  aD  cases).  These 
small  oscillator  strengths  are  due  to  the  weak  binding  of 
the  holes  to  the  acceptor  in  the  BE  in  Ge  and  are 
consistent  with  the  fact  that  no-phonon  optical  tran¬ 
sitions  have  not  been  observed  for  acceptor  BE  in  Ge|9). 

For  the  direct  band  gap  case  we  have  calculated  the 
BE  Auger  and  radiative  decay  rates  for  a  hydragenic 
acceptor  as  a  function  of  band  gap  for  the  aOoy 
Hgi-«Cd,Te.  in  which  the  band  gap  can  be  varied  with 
composition  [11].  The  details  of  the  calculations  are 
somewhat  different  than  the  indirect  gap  case  because 
the  conduction  band  minimum  is  at  the  zone  center. 
Here,  we  will  concentrate  on  the  smaller  gap  alloys.  For 
these  materials,  the  band  gap  is  less  than  the  energy 
separation  between  the  top  of  the  valence  band  and  the 
split  off  valence  band  (-  1.0eV)(ll).  As  a  result  the  split 
off  band  is  not  an  accessible  final  state.  In  this  cal¬ 
culation  we  approximate  the  light  and  heavy  hole  bands 
by  a  single  parabolic  valence  band.  We  take  the  acceptor 
binding  energy  to  be  independent  of  alloy  concentration 
for  the  range  of  x  considered  since  this  behavior  has 
been  deserved  experimentally[16]. 

Proceeding  as  in  the  indirect  band  gap  case,  we  find 
the  Auger  rate  to  be 


Here  E*  is  the  energy  of  the  final  hole  state  and 


K-r,»r|a.r.J)f  (2b) 


and  A  is  the  energy  difference  between  the  top  of  the 
valence  band  aad  the  split  off  band. 

The  results  of  the  BE  Auger  lifetimes  as  a  function  of 
band  gap  are  presented  in  Fig.  2.  The  Auger  lifetimes  get 
very  short  for  small  gaps  and  rapidly  increase  with 
increasing  gap.  The  various  parameters  used  in  the 
computation  are  given  in  Table  2. 


Bond  Gap  (eV ) 

Fig.  1  Radiative  and  Auger  traitsKioe  rates  for  an  acceptor 
bound  exciton  in  the  direct  gap  material  Hgi-.Cd.Tt  vs  the  band 
gap  of  the  material. 


and  kf  is  the  final  state  hole  wavevector.  We  determine 
the  electron  and  hole  Bohr  radii  (6  and  a,  respectively) 
from  a  variational  calculation.  For  the  hydrogenic  ac¬ 
ceptor.  the  hole  BE  Bohr  radius  is  22  A  (independent  of 
alloy  concentrations  for  the  small  gap  alloy  cue)  aad  the 
electron  BE  Bohr  radius  varies  with  the  alloy  band  gap 
from  ISO  to  730  A  for  the  range  of  alloy  gaps  0.8-O.14eV. 
Became  the  electron  effective  mass  is  much  smaller  than 
the  hole  effective  mats,  the  hole  Bohr  radius  is  nearly 
that  for  the  H~  ion,  that  is  a  >(16/11)<u  where  aA  is  the 
acceptor  Bohr  radius  and  the  electron  Bohr  radius  is 
nearly  that  for  the  neutral  donor.  The  electron  effective 
mass  is  determined  from  the  result  of  k  p  perturbation 

•aoryllfl- 


Table!.  Parameter* used m tke Aueer and radiative transition rale 
ralnrtations  for  Hgi-.Cd.Te 

%  ■  «*S  -o  * 
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Proceeding  u  in  the  indirect  gap  case,  we  find  the 
no-pbooon  oscillator  strength  to  be 


[oT^nhwerr-  • 
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The  radiative  tnuatiao  rate  »  determined  from  the 
oeefiator  strengthU). 

Tke  numerical  retulu  for  the  radiative  ttfedmet  are 
presented  in  Fig.  2  along  with  the  Auger  lifetimes.  The 
radiative  lifetimes  show  a  etnag  dependence  on  the  gap 
aad  croat  the  Auger  lifetimes  at  a  gap  of  about  0.5  eV. 
For  gaps  easier  than  0.5  eV,  the  BE  decay  wil)  be 
ptiaariiy  aon-radiative,  aad  for  gaps  larger  tferan  0.5  eV 
radiative  decay  dnaanatn  The  radiative  tnasitioa  rate 
decraaees  with  bead  gap  for  two  rtaaoas:  the  photon 
density  of  slates  becoeaes  easier  aad  the  overtap  of  the 
electron  aad  hole  wavef oactioos  becomes  email  as  the 
electron  elective  mass  becoeaes  small  aad  the  electron 
Bohr  radius  becoeaes  larger  (the  factor  [8/10  + 
WeftWePTmeqnJ). 
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BOUND  EXCITON  LIFETIMES  FOB  ACCEPTOBS  IN  SI* 
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He  present  measurements  of  tha  bound  exclton  lifetimes  for  tha  four 
common  accaptora  In  SI  and  for  the  flrat  two  bound  multiple  melton 
complexes  In  Sl:Ca  and  S1:A1.  Ha  praaant  a  calculation  of  tha  Augar 
tranaltlon  rate  for  the  acceptor  bound  meltons  In  Si  which  accounts 
for  the  observed  llfetlaes  and  their  dependence  on  the  acceptor  type 


A  great  daal  of  lntarest  has  recently  been 
shown  In  the  properties  of  bound  excltona  (BE) 
in  SI.  This  Interest  has  been  stimulated,  In 
part,  by  the  observation  of  a  large  manber  of 
related  aelaalon  lines  (whose  physical  origin 
Is  not  certain  at  praaant)  In  SI  doped  with 
the  conaon  shallow  donors  and  acceptors  .  The 
current  explanation  for  these  aelaalon  lines  , 
(this  explanation  is  not  universally  accepted  } 
Is  that  they  are  due  to  recombination  of  an 
electron  hole  pair  In  a  coeplex  of  several  ax¬ 
el  tons  bound  to  a  single  Impurity,  a  bound 
nultlplc  axclton  coeplex  (BMC)  If  this  ex¬ 
planation  la  correct,  the  energy  position  of 
the  aelaalon  lines  are  such  that  tha  binding 
energy  of  the  last  exclton  in  a  coeplex  In¬ 
creases  with  the  nueber  of  excltona  already 
bound  to  the  coeplex.  Thus,  the  sealler  c Du¬ 
plexes  are  thereodynaelcally  unstable  to  fona- 
tlon  of  larger  complexes.  Since  the  snail  coa- 
plexas  are  observed  and  the  maxlmm  binding 
energy  Is  not  reached,  the  relative  concentra¬ 
tion  of  complexes  of  different  sixes  aust  be  de- 
temlned  by  kinetics  rsther  than  energy  consi¬ 
derations'.  Thus,  It  is  Important  to  under¬ 
stand  the  decay  and  fomstlon  kinetics  of  bound 
excltons. 

In  any  discussion  of  BE  and  BMEC  kinetics, 
the  bound  exclton  llfetlae  will  play  an  inpor¬ 
tent  role.  In  SI,  BE  llfetlaes  have  been  e as¬ 
sured  for  the  donors  LI*,  P1  and  Asn  aaong  ac¬ 
ceptors,  only  the  llfetlaes  for  B1  has  been 
reported.  In  this  coaaxralcatlon,  ws  present 
aeaauraaents  of  the  BE  llfetlaes  for  the  four 
coaaon  acceptors  In  SI  (B,  Al,  Ga  and  In)  and 
llfetlaes  of  the  flrat  two  BMEC  in  S1;A1  and 
Sl:Ca.  (For  Sl:In,  we  are  only  able  to  set  an 
upper  Halt  on  the  BE  llfetlae).  He  find  vary 
different  llfetlaes  for  the  BE  associated  with 
the  different  acceptors;  the  llfetlaes  decrease 
rapidly  (by  about  three  orders  of  aagnltude)  as 
the  binding  energy  of  the  acceptor  increases. 

The  llfetlae  of  the  acceptor  BE  In  SI  is 
aost  likely  Halted  by  Auger  transitions  In 
which  an  alectron  recoablnes  with  one  of  the 
holes  in  the  BE  and  the  energy  is  carried  off 
by  the  second  hoie.  He  present  a  calculation 
of  transition  rates  for  this  process.  The  cal¬ 


culation  accounts  for  the  strong  dependence  of 
the  BE  llfetlae  on  acceptor  binding  energy  end 
is  In  approxlaate  quantitative  agreaaent  with 
the  aeaaured  llfetlaes. 

Experlaents  were  performed  using  saaples 
of  SI  prepared  by  lapping  and  then  etching  with 
HM03:HF  (6:1)  and  cleaning  with  netbanol.  The 
sanple  was  placed  In  a  variable  tanperature 
halloa  cryostat  and  bath  taaperature  was  mea¬ 
sured  using  a  Ge  taaperature  censor  In  the  sta¬ 
ple  block.  The  aspic  was  optically  excited 
with  a  CaAs  laser  diode.  The  laser  spot  dia¬ 
meter  on  the  saeple  was  approximately  1  e.  The 
BE  luelneacance  (TO  phonon  line  for  S1:B,  xero 
phonon  line  for  S1:A1,  Sl:Ga  and  Sltln)  was 
•electad  with  a  Spex  1400-11  spectrometer  and 
was  detected  with  a  cooled  S-l  photoaultlpller 
In  conjunction  with  a  gated  photon  counting  cys¬ 
ts.  The  alnlnus  systs  response  tine  was 
tested  by  eeaaurlng  the  fall  tls  of  the  laser 
pulse;  It  ss  approximately  5  sec.  In  mea- 
surasents  on  S1:B,  a  200  sec  gate  ms  used; 
for  Sl:Al,Sl:Ca  and  Sl:In,the  5  sec  gate  was 
sad.  The  lser  excitation  power  ws  aelected 
so  that  the  BE  luelnascance  dslstsd  the  spec¬ 
trum.  Thus,  the  rsults  should  st  be  compli¬ 
cated  by  exclton  spture  and  BMEC  decay.  The 
decay  of  the  BE  Islsscsce  ws  exponential  for 
over  an  order  of  aagnltude  drop  In  the  inten¬ 
sity. 

The  sasurseents  were  made  at  4.2*K  and  10* 
K.  There  ms  a  ssll  lncrase  In  the  observed 
lifetime  as  the  taaperature  ms  raised  to  10*K. 
Tills  lncrsse  is  sat  likely  due  to  dissocia¬ 
tion  of  the  BE  in  S1:B  at  the  higher  tempera¬ 
ture.  (There  was  s  rasosbly  large  free  mel¬ 
ton  amission  slgsl  at  10*K,  but  this  amission 
sigsl  was  very  weak  compared  to  the  BE  emis¬ 
sion  st  6.2*K.)  In  the  case  of  Sl:Ga,  the  BE 
hs  an  melted  state  1.67  aaV  above  the  ground 
state”.  At  10*K  this  melted  state  Is  popul¬ 
ated  with  a  probability  comparable  to  that  for 
the  ground  state.  If  the  Auger  rate  for  the 
melted  state  Is  slower  than  for  the  ground 
state,  population  of  the  melted  BE  state  In 
Sl:Ga  (es  mil  as  melton  dlssodstlon)  can  in¬ 
crease  the  observed  llfetlae  as  the  taaperature 
Is  raised. 


*  Hork  supported  in  part  by  AF0SR  under  Grant  No.  77-3216. 
t  Alfred  F.  Sloan  Foundation  Fellow. 
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Table  I:  Measured  lifetimes  for  bound  meltons  (>E)  and  bound  Multiple  melton  complexes  for 
acceptors  In  SI;  b,  nod  b  labol  the  first  and  aaeond  BCC,  respectively;  E  la  the 
acesptor  binding  energy  afid  N  la  tha  aeeaptor  concentration.  * 


T(4.2*K) 

t(10*K) 

ea 

"a 

Excitation  Conditions 

S1:B(BE) 

1.0  psac 

1.15  Nsec 

46  meV 

2'1015tm~3 

6 

USftC 

at 

0.1 

watt 

S1:A1(BE) 

104  nsec 

67  meV 

S-1014cm'3 

350 

BHC 

at 

0.5 

watt 

b^J-2) 

39  nsec 

5-1014«3 

350 

nsac 

at 

0.5 

watt 

b2 

46  nsec 

S-1014em~3 

330 

n»tc 

at 

0.5 

watt 

Sl:Ca(BE) 

58  nsec 

67  nsec 

71  meV 

3-1016cm'3 

330 

naac 

at 

0.5 

watt 

h  j  ( J“2) 

39  nsec 

2-101Scm‘3 

300 

nice 

at 

0.5 

watt 

b2 

35  nsec  * 

2-1015cm'3 

300 

n««c 

at 

0.5 

watt 

Sl:In(BE) 

<5  nsec 

154  meV 

2-1016 

200 

naac 

at 

0.5 

watt 

a)  Tha  b2  line  for  Sl:Ga  was  very  weak  and  thara  was  a  background  which  decayed  with  a  47 
naac  ilfetlae  beneath  It.  Tha  praaance  of  the  background  aay  cause  the  aeasured  decav 
time  to  be  somewhat  larger  than  the  actual  Ilf at  lac. 


The  Measured  BE  lifetime  for  tha  four  ac¬ 
ceptors  are  listed  In  Table  I.  He  have  also 
listed  the  decay  tlae  for  tha  first  two  BMEC  In 
S1:A1  and  Sl:Ga.  The  result  for  S1:B  at  4.2*X 
Is  Identical  to  that  previously  reported1.  (He 
did  not  Measure  the  BMEC  decay' for  Si:B  because 
they  are  already  available  In  the  literature1.) 
The  BE  melton  llfetlMe  In  SI: In  was  shorter 
then  our  systan  response  tine,  and  we  can  only 
sec  an  upper  bound  on  It. 

Ftom  Table  I,  we  see  that  the  BE  Ilfetlae 
decreases  rapidly  as  the  acceptor  binding  energy 
Increases.  This  behavior  Is  slallar  to  that  ob¬ 
served  for  acceptor  BE  lifelines  In  CaP.7  This 
effect  can  be  understood  as  due  to  an  Increased 
spreading  In  K-space  of  the  BE  wavefunctlon  ae 
the  acceptor  binding  energy  Increases7.  To  quan¬ 
tify  this  idea,  we  have  carried  out  calculations 
of  the  BE  Auger  rates  for  acceptor  BE  In  Si.  The 
details  of  these  calculations  will  be  presented 
elsewhere*,  here  we  give  the  physical  picture 
and  the  results  of  the  calculation. 

Frost  tine  dependent  perturbation  theory, 
the  BE  Auger  transition  rate  Is  given  by 

T  "tr  |l<f|V|t>!2  «(Ep  -  Ej)  ,  (1) 

here  |F>  la  the  final  state  which  consists  of  s 
free  hole.  |l>  Is  the  Initial  state  which  con¬ 
sists  of  two  holes  and  an  electron  bound  to  the 
charged  acceptor  end  the  Interaction  which  leads 
Co  Che  traneltlon,  V,  la  the  Coulomb  interaction 
between  the  carriers. 

The  ^lnal  hole  state  Is  an  eigenstate  of 
vsvavector.  The  possible  final  states  are  re¬ 
stricted  by  energy  conservation.  The  initial  BE 
state  Is  not  an  eigenstate  of  wavevector  because 
the  carriers  are  localised  In  space  by  the  im¬ 
purity  potential.  In  order  for  the  Auger  tran¬ 
sition  to  occur,  the  Initial  BE  state  suet  have 
an  amplitude  to  contain  wsvevectors  which  are 
accessible  to  tha  final  state  hole.  Because  the 
wavefunctlon  for  the  holds  in  the  IE  In  K-specc 


are  peaked  at  the  tone  center  and  that  for  elec¬ 
trons  Is  peaked  at  the  conduction  band  sinistra, 
the  total  wavevector  for  the  BE  Is  peaked  at  the 
conduction  band  minimum.  This  point  la  rather 
far.  In  K-space,  Iron  the  constant  energy  sur¬ 
face  accessible  to  the  final  state  hole.  Thu*, 
spreading  of  the  BE  wavefunctlon.  In  K-apace, 
la  essential  for  the  Auger  transition  to  occur. 
For  the  acceptor  BE,  the  holes  are  sore  highlv 
localised  In  space  than  the  electron  and  the 
spreading  of  the  BE  wavefunctlon  in  X-space  Is 
due  primarily  to  the  hole*.  The  extent  of  this 
spreading  depends  on  the  lspurity,  It  increase* 
a*  the  binding  energy  of  the  acceptor  increases 
because  the  holes  arc  sore  strongly  localized  in 
space  for  the  sore  tightly  bound  acceptors. 

In  principle.  It  is  possible  that  the  Auger 
transitions  are  phonon  assisted.  If  this  were 
the  case,  the  phonon  would  supply  the  wavevector 
necessary  for  the  transition  to  occur  and  the 
transition  rate  would  not  depend  on  the  K-space 
spreading  of  the  BE  wavefunctlon.  Thus,  one 
would  expect  the  phonon  assisted  Auger  rates 
be  insensitive  to  the  acceptor  type.  Since  the 
observed  llfetlnes  are,  in  fact,  very  sensitive 
to  the  acceptor  type,  we  believe  the  Auger  tran¬ 
sitions  occur  without  phonon  assistance 

The  bound  melton  wavefunctlon  can  be  writ¬ 
ten  as  a  linear  combination  of  determinants 
which  contain  two  holes  and  one  electron 

11  >  *k  i.k-  ^.•Vh’  ^e-VS,’  (2) 

*  n  n 


Aa  a  first  approximation,  the  Fourier  transfers- 
of  the  amplitude  function,  A,  can  be  obtained 
from  effective  mass  theory.  To  describe  the 
Interaction  of  the  carrier*  with  the  charged 
acceptor,  we  used  a  Coulomb  potential  with  t 
short  range  spherical  well.  The  strength  of 
the  short  range  well  for  Al  (same  core  struc¬ 
ture  a*  Si)  was  taken  to  be  due  only  to  the 
wsvsvector  dependence  of  the  dielectric  func¬ 
tion.  For  the  other  impurities,  it  was  ad<us- 
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tad  to  produce  the  known  acceptor  bind lop  ener¬ 
gies  for  a  hpdrogenlc  acceptor  wavefunctlon. 

For  the  BE  uevefunctlon,  a  variational  form 


■  W  W  w  «> 

use  chosen.  Bare  f  la  the  Fourier  transform  of 
a  la  hydrogen  function 


fjflO- 


8 

(k2  +  <l/a1)Z)2 


(43 


Bara  a  la  tha  Bohr  radlua  and  the  eubaerlpt 
rafara  to  electroaa  (i«e)  or  holea  (1-h). 

The  Bohr  radii  were  cboaan  bp  a  variational  cal¬ 
culation.  For  aore  strongly  bound  accaptora, 
cbe  hole  Bohr  radlua  la  surlier  corresponding 
to  a  greater  spreading  In  K-epace. 

There  are  corrections  to  tha  affective 
ease  approximation  for  wavevectora  far  f roe  the 
band  extrema  because  the  carrier  dispersion 
curves  are  no  longer  parabolic.  Be  taka  these 
corrections  Into  account  bp  substituting  the 
hpdrogenlc  fore  Into  the  Bartree  aquation  for 
the  hole  In  the  BE 

Vk>  -  I7ST*  jj.  V  (5) 

Here  c(k)  le  the  hole  dispersion  curve,  E  la 
the  one  hole  Bartree  energy,  T  la  the  Bartree 
potential  seen  bp  the  hole  (computed  taking  the 
hpdrogenlc  forms  for  the  carrier  wavefunctlona) 
and  f?  la  the  hpdrogenlc  form  for  the  hole  wave- 
function  (Eq.  (3)).  The  hole  wavefunctlon  pro¬ 
duced  bp  this  procedure  differs  from  the  hydro¬ 
gen  form  in  that  It  has  s  longer  tall  region  at 
large  k.  (This  tall  la  due  to  the  fact  that 
c(k)  Increases  slower  than  k2  at  large  k.)  In 
the  region  of  K-space  where  the  two  functions 
are  large,  they  are  nearly  equal. 

The  BE  wavefunctlon  was  tested  bp  computing 
no-phonon  oscillator  strengths.  For  Sl:Al,Si:Ga 
and  Sl:In,  the  results  were  within  e  factor  of 
two  of  the  measured  result9.  For  S1:B,  the  com¬ 
puted  oscillator  strength  waa  about  a  factor  of 
four  too  large.  He  adjusted  the  square  well 
potential  to  produce  the  measured  oacllletor 
strengths. 

The  Auger  transition  rates  for  the  ecceptor 
BE  was  computed  using  the  wavefunctlon  descri¬ 
bed  above.  The  details  are  complicated  and  will 
be  given  elsewhere8.  The  results  of  the  calcu¬ 
lation  are  shown  In  Fig.  (1) .  The  calculation 
Is  seen  to  describe  the  observed  dependence  of 
the  lifetime  on  acceptor  binding  energy  reason¬ 
ably  well.  The  computed  lifetimes  are  larger 
than  the  experimental  values  bp  about  a  factor 
of  three  for  all  the  Impurities.  Considering  the 
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Fig.  1.  Bound  exclton  lifetimes  vs  Impurity 
binding  energy  for  the  four  common  acceptors  In 
SI.  The  solid  circles  are  measured  values  and 
the  hollow  squares  ara  calculations  of  the 
Auger  lifetime.  For  Sl:In,  the  lifetime  was 
shorter  than  our  system  response  time,  and  we 
can  only  set  an  upper  limit  on  it. 
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sensitivity  of  the  calculated  lifetimes  on  the 
BE  wavefunctlon,  we  consider  this  agreement  to 
be  reasonable. 

Summarizing,  we  have  presented  measurements 
of  the  BE  lifetime  for  the  cobbh  shallow  ac¬ 
ceptors  In  Si  and  for  the  first  two  BMEC  In 
S1:A1  and  Sl:Ga.  The  lifetime  of  the  BE  waa 
found  to  decreaae  rapidly  as  the  acceptor  bind¬ 
ing  energy  gets  larger.  He  Interpreted  the 
lifetime  as  being  limited  by  phononlaes  Auger 
transitions.  He  presented  a  calculation  of  the 
phononless  Auger  rate  for  the  acceptor  BE  In  SI 
which  produced  the  observed  dependence  of  the 
lifetime  on  acceptor  binding  energy  and  la  with¬ 
in  about  a  factor  of  three  of  the  measured  life¬ 
times  In  absolute  magnitude. 
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We  preaeni  calculations  of  the  Auger  and  radiative  recombination  rates  for  acceptor  bound 
escitons  in  the  HgCdTe  alloy  system  and  in  GaAs  The  transition  rales  are  computed  as  a  func¬ 
tion  of  band  sap  in  the  HfCdTe  alloy  and  as  a  function  of  the  acceptor  binding  energy  The 
Auger  rate  is  found  to  increase  and  the  radiative  rate  to  decrease  with  increasing  acceptor  bind¬ 
ing  energy  The  radiative  recombination  rate  is  found  io  increase  with  increasing  band  gap 
The  Auger  rate  decreases  with  increasing  band  gap  except  when  the  band  gap  first  exceeds  the 
spin-orbit  splitiing  in  the  valence  band  and  for  band  gaps  less  than  about  0.2  eV  where  the  den¬ 
sity  of  final  hole  states  and  the  electron-hole  overlap  becomes  small  We  find  that  Auger 
recombination  is  dominant  for  hydrogcnic  acceptors  in  HgCdTe  for  materials  with  a  band  gap 
less  than  about  0.J5  eV  and  radiative  recombination  is  dominant  for  larger  gap  materials  For 
deeper  acceptors,  this  crossover  occurs  at  larger  band  gaps  For  GaAs,  we  find  that  radiative 
recombination  dominates  for  all  reasonably  shallow  acceptors 


1.  INTRODUCTION 

A  bound  exciton  (BE)  is  formed  when  an 
electron-hole  pair  becomes  attached  to  a  neutral  im¬ 
purity.  At  low  temperatures,  recombination  from 
bound-excilon  states  is  often  the  principal  decay 
route  of  a  nonequilibrium  concentration  of  electrons 
and  holes.  There  are  two  main  decay  mechanisms 
available  to  an  exciton  bound  to  a  shallow  neutral  im¬ 
purity:  Auger1'1  recombination  and  radiative  recom- 
binatk>n.'~l>  The  relative  importance  of  these  two 
decay  processes  depends  on  the  semiconductor  and 
on  the  impurity.  In  indirect-band-gap  materials,  radi¬ 
ative  recombination  is  rather  slow  and  the  Auger 
mechanism  usually  dominates  the  recombination.  >~1 
In  direct-band-sap  materials,  radiative  recombination 
is  quite  fast  and  may  dominate  the  recombina¬ 
tion. I0~l>  Auger  recombination  of  bound  excitons  in 
indirect  materials  has  recently  been  studied  theoreti¬ 
cally  by  the  present  authors*  and  by  Schmid.1 

In  this  paper,  we  present  a  theoretical  study  of 
Auger  and  radiative  recombination  of  excitons  bound 
to  shallow  neutral  acceptors  in  direct-band-gap  semi¬ 
conductors.  We  consider  the  dependence  of  these 
two  transition  rates  on  the  band  gap  of  the  semicon¬ 
ductor  and  on  the  binding  energy  of  the  impurity. 

We  concentrate  on  the  alloy  system  Hg(  _,Cd,Te 
This  is  a  particularly  interesting  system  because  the 
band  gap  can  be  varied  by  changing  alloy  composi¬ 
tion.  We  also  present  calculations  for  GaAs.  We 
find  that  radiative  recombination  dominates  Auger 
recombination  for  shallow  acceptors  except  in  rather 
small-band-gap  materials  (£,  <0.35  eV).  In  these 
small-band- gap  materials,  the  Auger  rate  is  dominant. 
Radiative  recombination  for  bound  excitons  in 


direct-band-gap  materials  has  been  previously  studied 
theoretically  by  Rasba  and  Gurgenishvili.1-*  We  use 
a  different  model  for  the  BE  wave  function  than  used 
by  these  authors,  but  our  results  are  qualitatively 
similar  to  theirs.  Except  for  a  simple  model  calcula¬ 
tion  by  us, 11  we  are  unaware  of  previous  calculations 
of  Auger  recombination  of  BE  in  direct-gap  materials 
The  paper  is  organized  in  the  following  way:  in 
Sec.  II  we  discuss  the  qualitative  behavior  of  Auger 
and  radiative  transition  rates  for  acceptor  BE  in 
direct-gap  materials;  in  Sec.  111.  deuiled  calculations 
are  presented.  Sec.  IV  contains  a  summary  of  our 
conclusions. 


II.  QUALITATIVE  BEHAVIOR  OF  AUGER 
AND  RADIATIVE  TRANSITIONS 


In  the  acceptor  BE  there  are  two  holes  and  one 
electron  bound  to  a  charged  acceptor.  In  direct- 
band-gap  materials,  the  electron  effective  mass  is 
generally  considerably  smaller  than  the  hole  effective 
mass.  As  a  result,  the  two  holes  are  bound  relatively 
close  to  the  acceptor  and  the  electron  is  not  as  local¬ 
ized  as  the  holes.  In  a  Jc-space  picture  the  holes  are 
relatively  spread  out  about  the  *  -0  valence-band 
maximum  and  the  electron  is  relatively  well  localized 
near  the  k  -0  conduction-band  minimum.  In  the 
HgCdTe  alloy  system,  the  electron  effective  mass  is  a 
sensitive  function  of  the  material  band  gap  (alloy 
composition).  Fromli  T  perturbation  theory,  the 
electron  effective  mass  decreases  with  decreasing 
band  gap'* 
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where 

Pi”—\{S\P,\X)\1  (lb) 

ffl 

Here  «,*  is  the  electron  effective  mass.  E,  is  the 
band  gap.  A  is  the  spin-orbit  splitting,  m  is  the  free- 
electron  mass.  S  and  X  refer  to  periodic  parts  of  the 
Bloch  functions  at  the  conduction-band  minimum 
and  valence-band  maximum  (without  spin-orbit  split¬ 
ting)  and  P  is  the  momentum  operator.  The  hole  ef¬ 
fective  mass  and  the  static  dielectric  function  of  the 
material  are  only  weakly  dependent  on  band  gap. 
Thus  the  acceptor  binding  energy  and  hole  wave 
function  in  both  the  acceptor  and  the  BE  are  not 
strongly  dependent  on  the  alloy  composition. 15 

In  the  Auger  ^transition,  the  initial  state  is  the  BE 
and  the  final  sute  is  a  free  hole  in  an  accessible 
valence  band.  The  heavy  and  light  hole  bands  are  al¬ 
ways  accessible.  If  the  band  gap  is  greater  than  the 
spin-orbit  splitting  of  the  valence  band,  the  split-off 
valence  band  is  also  accessible.  Energy  conservation 
requires  that  the  energy  of  the  final  sute  hole  meas¬ 
ured  from  the  valence-band  maximum  is  approxi¬ 
mately  the  band  gap.  The  dominant  interaction 
responsible  for  the  Auger  transition  is  carrier-carrier 
scattering  which  conserves  tout  wave  vector.  '*  Thus 
the  transition  rate  depends  on  the  amplitude  for  the 
BE  to  have  wave  vectors  which  are  accessible  to  the 
final  sute  hole.  This  amplitude  depends  on  the 
strength  of  the  impurity  potential  and  on  the  band 
structure  of  the  semiconductor. 

In  direct  gap  materials,  the  A-space  BE  wave  func¬ 
tion  is  peaked  at  the  zone  center  and  falls  off  with  in¬ 
creasing  |A|.  The  possible  values  of  the  final  sute 
hole  wave  vector  (A,)  depends  on  the  band  gap  of 
the  material  and  on  the  valence-band  structure.  For 
materials  with  a  very  small  band  gap,  the  final  sute 
hole  will  be  in  the  heavy  or  light  hole  band  near  the 
zone  center.  For  these  very  small  gap  materials,  the 
amplitude  of  the  BE  wave  function  to  conuin  wave 
vectors  accessible  to  the  final  sute  hole  will  be  large 
However,  for  very  small  gap  materials  the  density  of 
final  hole  sutes  is  small  and  the  electron  effective 
man  is  small.  Because  of  the  small  electron  effective 
mass,  the  electron  is  weakly  bound  to  the  BE  and  is 
not  well  localized  near  the  holes.  As  a  result  of  the 
small  density  of  final  sutes  and  the  small  electron- 
hole  overlap,  the  Auger  transition  is  slow  for  very 
small  gap  materials.  As  Et  increases  from  zero,  the 
density  of  final  sutes  and  the  electron-hole  overlap 
increase  so  the  Auger  transition  rate  increases.  As 
£,  continues  to  increase,  the  possible  values  of  kt  be¬ 
come  large  enough  that  the  amplitude  for  the  BE 
wave  function  to  conuin  kf  becomes  small.  As  a 
result  the  transition  matrix  element  begins  to  de¬ 
crease  rapidly,  overcoming  the  effecu  of  the  increas¬ 
ing  density  of  final  sutes  and  increasing  electron-hole 
overlap,  and  the  transition  rate  decreases.  We  find 


that  this  change  in  slope  of  the  transition  rate  occurs 
at  about  0.2  eV  for  hydrogenic  acceptors  in  the 
HgCdTe  system.  When  E,  first  exceeds  the  spin- 
orbit  splitting  of  the  valence  band  (A  »  0.9  eV  in 
HgCdTe),  final  sutes  in  the  splii-off  band  with  A/ 
near  the  zone  center  become  available.  There  is  a  ra¬ 
pid  increase  in  the  Auger  transition  rate  when  this 
new  set  of  final  sutes  becomes  accessible.  As  Et 
continues  to  increase,  the  possible  values  of  k /  be¬ 
come  targe  and  the  transition  matrix  element  and 
hence  the  transition  rale  decreases 

The  extent  of  the  spread  in  k  space  of  the  BE  wave 
function  depends  on  the  strength  of  the  impurity  po¬ 
tential.  Stronger  impurity  potentials  (resulting  in 
larger  acceptor  binding  energies)  lead  to  an  increased 
localization  of  the  holes  in  the  BE  in  position  space 
and  hence  an  increased  spread  of  the  BE  wave  func¬ 
tion  in  k  space.  For  those  values  of  the  band  gap 
that  have  final  sutes  with  large  A/,  an  impurity  with  a 
stronger  attractive  potential  (hence  larger  acceptor 
binding  energy)  will  have  a  faster  Auger  rate  than  an 
impurity  with  a  weaker  potential.  For  those  values  of 
the  band  gap  that  have  final  sutes  with  small  A/,  the 
Auger  transition  rate  does  not  depend  strongly  on  the 
impurity  potential. 

For  radiative  transitions,  the  BE  is  the  initial  sute 
and  the  neutral  acceptor  is  the  final  sute.  Radiative 
transition  rates  decrease  monoionically  as  the  band 
gap  is  decreased  There  are  two  reasons  for  this  de¬ 
crease  in  the  radiative  transition  rate  with  band  gap: 
first,  the  density  of  final  photon  sutes  is  smaller  for 
the  lower-energy  photons  emitted  from  the  small- 
band-gap  material;  second,  because  the  electron  ef¬ 
fective  mass  is  small  in  small  gap  materials  the 
electron-hole  overlap  is  small.  The  radiative  rate  also 
depends  on  the  strength  of  the  impurity  potential. 
The  holes  in  the  acceptor  BE  are  bound  close  to  the 
impurity  and  their  wave  functions  are  sensitive  to  the 
short-range  part  of  the  impurity  potential.  The  elec¬ 
tron  is  bound  relatively  loosely  about  the  impurity 
(held  in  the  complex  by  its  interaction  with  the 
holes)  and  its  wave  function  is  relatively  insensitive 
to  short-range  paru  of  the  impurity  potential.  As  the 
impurity  potential  becomes  increasingly  attractive  to 
holes,  the  hole  wave  function  will  be  more  closely 
bound  to  the  impurity.  As  a  result,  the  electron-hole 
overlap  will  decrease  and  the  radiative  transition  rate 
will  decrease. 

The  radiative  lifetime  is  a  monoionically  decreasing 
function  of  band  gap.  The  Auger  lifetime  is  a  more 
complicated  function  of  band  gap,  but  for  most 
values  of  the  band  gap  it  is  an  increasing  function 
As  a  result,  radiative  recombination  lends  to  dom¬ 
inate  in  large  gap  materials  and  Auger  recombination 
tends  to  dominate  in  small  gap  materials.  The  radia¬ 
tive  lifetime  is  an  increasing  function  of  acceptor 
binding  energy;  whereas,  the  Auger  lifetime  is  a  de¬ 
creasing  function  of  acceptor  binding  energy  Thus. 
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in  large-band-gap  materials  (where  radiative  recombi¬ 
nation  is  dominant),  the  lifetime  increases  with  ac¬ 
ceptor  binding  energy  and  in  smalt  gap  materials 
(where  Auger  recombination  is  dominant),  the  life¬ 
time  decreases  with  acceptor  binding  energy. 


III.  CALCULATION  OF  AUOER  AND  RADIATIVE 
TRANSITION  RATES 

From  time-dependent  perturbation  theory,  the 
recombination  rate  of  a  BE  due  to  a  perturbation  v  is 
given  by 

z  l<F|u|/)|J«(£,-£,)  .  (2) 

r  *  Ml.f 

where  |/)  is  the  initial  BE  state  and  |£)  is  the  final 
state  (free  hole  for  Auger  transition,  neutral  accep¬ 
tor  and  photon  in  the  radiative  transition).  We  take 
the  BE  wave  function  to  have  the  form 

i/>  -  I  c'*./»<*«)/.<*;)/,<A,) 

*»*»*.■  i«  j 

x  *(*,mi;*»'mj;*,<r,)  .  (3) 


where  pU*ml;fc*mj;k,or,)  is  a  Slater  determinant 
with  the  valence-band  states  and  (ki,m}) 

empty  and  the  conduction-band  sute  (k,a,)  occu¬ 
pied.  Here  mi  and  m j  label  the  four  hole  states  de¬ 
generate  at  the  valence-band  maximum,  a,  labels 
electron  spin,  J  is  the  total  hole  spin  with  projection 
M  in  the  BE,  the  coefficients  C  are  closely  related  to 
Clebsch-Gordan  coefficients.1  and  /*  and  f,  are  the 
amplitudes  that  a  given  hole  and  electron  sute  are 
conuined  in  the  BE  wave  function.  Taking  the  BE 
envelope  function  as  a  product  form  in  Eq.  (3)  is 
equivalent  to  neglecting  correlation  in  the  BE.  Corre¬ 
lation  must  be  included  in  binding-energy  calculations 
for  the  BE  in  order  to  have  a  suble  complex.  But  no 
cancellations,  such  as  the  large  cancellations  between 
kinetic  and  potential  energy  terms  which  occur  in 
binding-energy  calculations,  occur  in  the  transition 
rates  calculated  here.  Thus  the  simple  product  form 
should  be  adequate  to  give  a  reasonable  estimate  of 
the  dependence  of  the  transition  rates  on  band  gap 
and  acceptor  binding  energy. 

For  Auger  decay  of  the  BE.  the  final  sute  contains 
a  free  hole  and  an  ionized  acceptor.  The  Coulomb 
interaction  between  carriers  is  responsible  for  the 
Auger  transition  The  transition  matrix  element  has 
the  same  structure  in  direct-band-gap  materials  as  for 
indirect-band-gap  materials  discussed  previously1 


<f|-|/>-  Z  /»(k*  )/,(k»  )/,G,)  Uk%m^r/Uik, 


e>(2w)>6(k/4-kt  — k,-k't)  .  M 

el*/-*.!1  I*'"’ 


Here  <  is  the  dielectric  function  and  the  overUp  in¬ 
tegrals  U  have  the  form11 

J^i(il.lw«i.(')  .  (5) 

where  fl  is  the  sample  volume  and  ukm  is  the  period¬ 
ic  part  of  the  Bloch  function. 

We  use  the  same  approximations  for  the  envelope 
functions  /  here  as  in  the  indirect  case.1  The  impuri¬ 
ty  potential  is  Uken  to  be  that  of  a  negative  point 
charge  screened  by  the  sutic  dielectric  function  plus  a 
short-range  square  well  of  variable  strength.  The 
square  well  is  used  to  account  for  short-range  differ¬ 
ences  in  the  potential  of  different  impurities.  As  a 
first  approximation,  the  envelope  functions  /»  and  /, 
are  assumed  to  have  a  IS  hydrogen ic  form  with  the 
electron  and  hole  Bohr  radii  determined  by  a  varia¬ 
tional  calculation.  Corrections  to  the  hole  envelope 
functions,  due  primarily  to  nonparabolic  valence-band 
structure  at  large  k,  are  uken  into  account  by  iterat¬ 
ing  the  Hartree  equation  for  the  holes  in  the  acceptor 
BE.  The  iterated  envelope  function  is  dose  to  the 
hydrogenic  one  at  small  k,  but  drops  olT  more  slowly 
at  large  k .*  The  integral  in  Eq.  (4)  is  simplified  by 
the  fact  that  the  function  /,<*,)  is  sharply  peaked  at 
the  zone  center.  We  replace  /,(*,)  by  a  normalized  fi 


where  b  is  the  electron  Bohr  radius 
For  the  overlap  integrals  U,  we  use  the  results  of 
Kane  obuined  from  degenerate  k  perturbation 
theory.11' 11  The  discrete  sums  in  the  matrix  element 
(mi  and  of}),  the  sum  over  final  hole  spins  and 
bands,  and  the  average  over  initial  sutes  (Ubeled  by 
J,  M,  and  <rr)  can  be  performed  in  a  straightforward 
but  tedious  fashion;  the  result  becomes 

—  -  ~  Z  ty  f»(k/)B(£/  -  £*(*/)) 

7  A  *  » f 

+  7/, (*,)»(£,  -£,(*,)) 


+  7/t(*/)6(£,  -£*(*,))]  .  (7) 

where  h,  I ,  and  S  refer  to  transitions  in  which  this  fi¬ 
nal  sute  hole  is  in  the  heavy  hole,  light  hole,  and 
split-ofT  bands,  respectively. 

The  integrals  /  are  given  by 
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/,(*/)  "1^1?  /><V«u'p/>~~  a>l(*')(  *'  *  '  )|a»2(^  -t'>a«I(*/>  +  V*'  ^ 

+  c.}(kf- (8b) 

(  Wft7)  £  "*  t  j  'I/*"  ' ~  */  *  '  >  [«.;<*/  -*')«.,(*/)  + 

+  c,1U/-*')c.J<*/)]  <80 

Here  A/  and  *  ’  are  unit  vectors,  and  the  functions  a..,  t>v  and  c.(  are  those  defined  by  Kane.14 

The  form  for  the  iterated  hole  envelope  function  is  the  same  as  that  used  for  the  Auger  transitions  in  direct- 
band-gap  materials* 

,,  ,  r!  4ir  [  1  |  1  6  VR>  I  <q, 

*  «  (iroJ)1/J  I  £(*)  +  £»  |jt!+9/dJ  fl5(*J+9/o1)J  6eV«  I 


where  a  is  the  hole  Bohr  radius,  £*  is  the  BE  locali¬ 
zation  energy,  V  is  the  depth  of  the  short-range 
square  well,  and  R  is  the  radius  of  the  short-range 
square  well  (taken  to  be  half  the  nearest-neighbor 
distance).  The  one-hole  energy  (£(*)]  was  taken  as 
a  spherical  average  of  the  heavy  hole  band  from  a 
tight-binding  band-structure  calculation  joined  con¬ 
tinuously  to  the  parabolic  effective-mass  result  at 
small  k.  The  tight-binding  parameters  for  HgTe  and 
CdTe  were  taken  from  Ref.  19;  those  for  GaAs  are 
from  Ref.  20.  The  band  structure  for  the  HgCdTe  al¬ 
loy  was  calculated  in  a  virtual  crystal  approximation. 
The  integrations  in  the  matrix  elements  of  Eq.  (8) 
were  evaluated  numerically.  The  final  state  integral 
in  Eq.  (7)  was  evaluated  numerically;  the  final  state 
hole  energies  were  taken  from  a  tight-binding  band- 
structure  calculation.  The  input  parameters  used  in 
the  calculation  are  summarized  in  Table  I. 

In  radiative  recombination  of  the  acceptor  BE,  the 
final  state  is  the  neutral  acceptor  with  a  wave  func¬ 
tion  of  the  form 

|£>-2F(*)*(*i»)  •  (10) 

k 

where  #(*/ 1)  is  a  Slater  determinant  with  the 
valence-band  state  labeled  by  (fc.n)  not  occupied  and 
F(fc)  is  the  hole  envelope  function.  The  radiative 
decay  rate  can  be  expressed  in  terms  of  oscillator 
strengths  by 


In  ei2win  , 


where  ck  is  the  degeneracy  of  the  BE  (12),  g»  is 
the  degeneracy  of  the  acceptor  (4),  tu  is  the  photon 
energy,  it  is  the  index  of  refraction,  and  the  oscillator 


strength  is  given  as 

/-T?-l</|£zl£>lJ  u: 

(turn 

Here  Eq.  (12)  is  to  be  summed  over  the  12  degen¬ 
erate  BE  states  and  averaged  over  the  4  degenerate 
acceptor  states.  To  evaluate  the  oscillator  strength 
we  use  hydrogenic  envelope  functions 


£(*)- 


(k'  +  MaiV 


TABLE  I.  Parameters  used  in  the  calculation  All  sym¬ 
bols  are  defined  in  the  text. 

Hli-.Cd^Te  GaAs 


18  +  3*  eV*k 
15.)  -4.5xc 
0  45  m* 

I  00  -  0.24*  eV*  r 
I  79* -0.26  eV*-f 


25.7  ev* 
12.53* 
0.36  m* 
0.067  mb 
0.35  eV» 
1.51  eV* 


•Linearly  interpolated  between  the  HgTe  and  CdTe  values 
*P.  Lawaetz,  Phys.  Rev  B  4.  3460  0971) 

CJ.  I.  Dubowski,  Phys.  Status  Solid)  B  |5.  663  (1978) 

*K.  G  Hamble.on.  C  Hilaon,  and  B  R  Holeman,  Proc 
Phys  Soc  London  77.  H47  <l96l) 

•A  Jedrzejczak  and  T  Dietl,  Phys  Status  Solidi  B  79,  691 
(1977) 

Reference  15. 

*J.  R.  Chelikowsky  and  M  L  Cohen.  Phys  Rev  B  if,  556 
(1976) 

*Fit  to  Zn  acceptor  binr’irtg  energy  EA  -  31  meV. 
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where  a4  is  the  acceptor  Bohr  radius,  and  similar 
forms  with  Bohr  radii  b  and  a,  for  the  electron  and 
the  holes  in  the  BE.  The  radiative  rate  is  not  sensi¬ 
tive  to  the  large  k  part  of  the  hole  envelope  function 
so  it  is  not  necessary  to  use  the  iterated  form  for  the 
hole  envelope  function  to  calculate  radiative  rates. 
The  calculation  of  the  oscillator  strength  from  Eq. 
(12)  is  straightforward  and  the  result  is 


/- 


turn 


l(S|F2|Z>|3 


8 


(1  +ajl/a)3 


1/11} 


8 


<1  +  b/a)3 


(14) 


The  results  of  the  calculation  for  Auger  and  radia¬ 
tive  lifetimes  in  HgCdTe  as  a  function  of  band  gap 
(composition)  are  shown  in  Fig.  1.  The  solid  curves 
correspond  to  hydrogenic  acceptors  ( -0)  and  the 
dashed  curve  to  a  deeper  acceptor  modeled  by 
VR3  -  16.5  eV  A3.  The  binding  energy  of  the  accep¬ 
tors  depends  somewhat  on  the  composition  because 
of  the  compositional  dependence  of  «.  For  the  hy¬ 
drogenic  acceptor  the  binding  energy  goes  from 


FIG  I  Auger  and  radiative  acceptor  bound-exciton  life¬ 
times  as  a  function  of  band  gap  (composition)  in  the 
HgCdTe  alloy  system.  The  solid  curves  are  for  hydrogenic 
acceptors  and  the  dashed  curves  are  for  a  deeper  acceptor 
where  the  impurity  potential  is  taken  to  he  that  of  a 
screened  point  charge  plus  a  short-range  attractive  (for 
holes)  square  well.  The  radius  of  the  square  well  (R)  was 
taken  to  be  half  the  nearest-neighbor  distance  and  V  is  the 
depth  of  the  square  well. 


£*  -31  meV  in  the  smallest  gap  case  considered  to 
£s  -46  meV  in  the  largest  gap  case,  the  binding  en¬ 
ergy  of  the  deeper  acceptor  varies  between 
£a-  38  meV  and  £*-  59  meV  The  Auger  lifetime 
has  a  local  minimum  at  £,  =0.2  eV;  it  increases  for 
smaller  £,  because  the  density  of  final  hole  states 
and  the  electron-hole  overlap  in  space  becomes  small. 
The  increase  in  the  Auger  lifetime  for  E,  >  0.2  eV  is 
due  to  the  larger  values  of  kf  and  the  decreased  am¬ 
plitude  for  the  BE  wave  function  to  contain  these 
larger  wave  vectors.  The  sudden  decrease  in  the 
Auger  lifetime  at  £t  =  0.9  eV  is  due  to  the  fact  that 
transitions  in  which  the  final  state  hole  is  in  the 
split-off  band  first  become  possible  at  this  point.  The 
Auger  lifetime  for  the  deeper  acceptor  is  shorter  than 
that  for  the  hydrogenic  acceptor  because  of  the 
greater  spread  of  the  BE  wave  function  in  k  space  for 
the  deeper  acceptor.  The  results  for  the  radiative 
lifetimes  in  the  HgCdTe  case  are  also  shown  in  Fig 
1 .  The  radiative  lifetime  decreases  monotonically  as 
the  band  gap  is  increased  because  of  the  larger  densi¬ 
ty  of  photon  states  and  increased  electron-hole  over¬ 
lap  in  the  larger  gap  material  The  radiative  lifetime 
is  larger  for  the  deeper  acceptor  than  the  hydrogenic 
acceptor  because  the  electron-hole  overlap  is  greater 
for  the  shallow  acceptor.  For  band  gap  greater  than 


FIG  2.  Auger  and  radiative  acceptor  bound-exciton  life¬ 
times  as  a  function  of  acceptor  binding  energy  in  GaAs 
The  acceptor  binding  energy  was  varied  by  adjusting  the 
strength  of  a  short-range  square  well  added  to  a  screened 
point  charge  to  form  the  acceptor  potential.  A  binding  ener 
gy  of  31  meV  corresponds  to  a  hydrogenic  acceptor  (no 
square  well). 
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tbout  0.3$  eV  for  the  hydrogenic  acceptor  and  greater 
than  about  0.43  eV  for  the  deeper  acceptor,  the  life¬ 
time  is  dominated  by  radiative  recombination;  for 
smaller  gaps,  the  lifetime  is  dominated  by  Auger 
recombination. 

The  results  for  the  Auger  and  radiative  lifetimes  in 
GaAs  as  a  function  of  impurity  binding  energy  are 
shown  in  Fig.  2.  The  hydrogenic  acceptor  in  this  case 
has  a  binding  energy  of  31  meV  (corresponding  to 
the  experimental  value  for  the  In  acceptor  in 
GaAs).11  The  radiative  lifetime  increases  as  the  ac¬ 
ceptor  binding  energy  increases  because  the  electron- 
hole  overlap  is  decreased  with  increasing  acceptor 
binding  energy.  The  Auger  lifetime  decreases  with 
increasing  acceptor  binding  energy  because  of  an  in¬ 
creased  spread  of  the  BE  wave  function  in  k  space  for 
the  deeper  impurities.  The  radiative  transition  rate  is 
much  faster  than  the  Auger  rate  for  reasonably  shal¬ 
low  impurities.  The  calculated  value  of  the  acceptor 
BE  radiative  lifetime  for  the  hydrogenic  acceptor  is 
3.1  nsec;  experimentally  a  value  of  1.6  ±0.6  nsec 
(Ref.  12)  is  found  for  an  exciton  bound  to  a  shallow 
acceptor  in  GaAs. 


IV.  SUMMARY  AND  CONCLUSIONS 

We  have  presented  a  calculation  of  Auger  and  radi¬ 
ative  transition  rates  for  acceptor  BE  in  HgCdTe  and 
GaAs.  The  purpose  of  the  work  was-to  investigate 
the  dependence  of  the  Auger  and  radiative  transition 

rates  of  aoceptor  BE  in  direct  gap  materials  on  accep- 

A 


tor  binding  energy  and  semiconductor  band  gap.  For 
HgCdTe  we  find  that  the  radiative  lifetimes  decrease 
with  increasing  energy  gap.  while  the  Auger  lifetimes 
increase  with  energy  gap  except  for  E,  2  A,  where 
the  split-off  band  first  becomes  accessible  to  the 
final  state  hole;  and  at  E,  <0.2  eV  where  the 
electron-hole  overlap  and  density  of  final  states  be¬ 
comes  small.  The  Auger  and  radiative  lifetimes  cross 
for  hydrogenic  acceptors  in  HgCdTe  at  E,  -0.35  eV, 
radiative  decay  dominates  for  larger  band  gaps  and 
Auger  decay  dominates  for  smaller  gaps.  As  the  ac¬ 
ceptor  binding  energy  increases,  the  cross  over  point 
between  the  two  rates  moves  to  higher  band  gaps 
For  GaAs,  the  radiative  rate  is  much  faster  than  the 
Auger  rate.  As  the  acceptor  binding  energy  is  in¬ 
creased,  the  radiative  rate  decreases  and  the  Auger 
rate  increases.  It  is  possible  that  the  Auger  rate 
could  become  dominant  for  very  deep  acceptors,  but 
for  reasonably  shallow  acceptors  the  Auger  rate 
makes  a  negligible  contribution  to  the  BE  lifetime  in 
GaAs. 
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Near-band-gap  photoluminescence  of  Hg1  _xCdxTe 
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The  results  of  photoiuminescence  studies  of  Hg,  _ ,  Cd,  Te  with  x  =  0.32  and  0.48  for 
temperatures  between  3  and  30  K  are  described.  In  the  x  =  0.32  and  x  =  0.48  material,  band-to- 
band,  band-to-acceptor,  and  donor-to-acceptor  luminescence  lines  are  observed.  We  report  the 
first  observation  of  bound -exci ton  luminescence  in  HgCdTe,  which  we  observe  in  the  samples 
with  at  =  0.48. 

PACS  numbers:  72.80.Ey,  78.55.  -  m,  78.55.Ds 

The  results  of  a  series  of  photoiuminescence  experi-  lines  which  they  attributed  to  band-to-band  and  band-to- 
ments  on  Kg,.,  Cd,  Te  for  samples  with  at  =  0.32  and  0.48  impurity  transitions.1 1  The  impurity  was  thought  to  be  Hg 
are  presented.  We  report  the  first  observation  of  the  lumines-  vacancies.1  Recently,  Osbourn  and  Smith4  have  suggested 

cence  from  a  bound  exci  ton  in  Hg,.,  Cd,  Te.  Other  lines  due  that  radiative  recombination  should  dominate  nonradiative 

to  band-to-band,  band-to-acceptor,  and  donor-to-acceptor  Auger  recombination  of  bound  excitons  for  x  >  0.4.  These 
transitions  are  also  observed.  results  suggest  that  it  should  be  easier  to  observe  bound- 

While  Hg,.,  Cd,  Te  is  an  important  material  for  in-  exciton  luminescence  in  high -a:  samples  than  in  low-oc 

frared  applications,’  its  luminescence  properties  have  not  samples. 

been  extensively  investigated.  Photo-  and  cathodo’-lumines-  Our  luminescence  experiments  have  been  carried  out 

cence  spectra  have  been  measured  by  other  groups  for  aam-  on  samples  of  two  compositions,  one  of x  =  0.32  with  a  band 

pies  with  x  m  0.3.  They  observed  two  broad  luminescence  gap  near  0.25  eV,  and  the  other  of*  =  0.48,  with  band  gap 
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FIG.  1 .  Photoluminescence  intensity  vs  energy  of  emitted  photon  for 
Ht.-Cd..Tc  The  high-energy  peak  is  attributed  to  a  band-to-band  transi¬ 
tion.  The  low-energy  peak  is  attributed  primarily  to  donor-to-acceptor  lu¬ 
minescence  below  -  10  K,  and  band-to-acceptor  luminescence  at  higher 
temperature.  The  line  structure  seen  on  the  low-energy  peak  is  due  to  ab¬ 
sorption  by  water  vapor. 

near  0.S  eV.  Spectra  were  measured  for  temperatures  be¬ 
tween  S  and  30  K  and  average  pump  power,  provided  by  a 
mechanically  chopped  cw  A r*  laser  with  30%  duty  cycle,  of 
between  0.3  and  14  W/cm1.  Laser  light  was  focused  onto  the 
sample,  mounted  in  a  Janis  liquid-helium  research  dewar.  A 
heater  and  temperature  sensor  mounted  near  the  sample  in 
the  sample  arm  of  the  dewar  allowed  temperature  control. 
The  luminescence  from  the  sample  was  dispersed  with  a 
monochrometer  and  detected  with  either  an  InSb  (for 
x  —  0.32  material)  or  an  InAs  detector  (for*  =  0.48  materi¬ 
al).  The  detector  output  was  analyzed  with  a  lock-in 
amplifier. 

In  the*  =  0.32  samples,  two  broad  luminescence  bands 
are  observed,  as  shown  in  Fig.  1 .  Two  lightly  p-type  samples 
were  studied,  each  grown  by  float-zone-refining  polycrystal¬ 
line  HgCdTe,  annealed  in  Hg  vapor  to  reduce  Hg  vacancies, 
and  doped  with  1013  cm'3  Au  atoms.'  The  composition  of 
these  samples  was  determined  by  measuring  the  photocon¬ 
ductivity  cutoff  wavelength  for  a  sample  cut  from  the  same 
boule  adjacent  to  the  sample  we  studied.'  The  results  of  our 
experiments  are  similar  for  both  our  *  =  0.32  samples. 

The  higher-energy  line  can  be  identified  as  a  band-to- 
band  transition  by  the  variation  in  intensity  with  pump  pow¬ 
er,  and  energy  shift  with  temperature.  The  peak  intensity  of 
the  line  divided  by  pump  power  increases  as  pump  power  is 
increased.  As  pump  power  is  increased  by  a  factor  of  3,  the 
ratio  of  intensity  to  pump  power  increases  by  30%  at  30  and 
by  100%  at  4.8  K.  The  peak  of  the  line  shifts  to  higher  energy 
as  the  temperature  is  increased.  At  all  pump  powers,  the 
energy  shift  is  7.3  meV  in  going  from  ~5to  —30  K,  of which 
only  ~4.5  meV  is  due  to  band-gap  shift.'  These  observed 
properties  are  consistent  t  tin  the  interpretation  of  the  line 
originating  in  a  band-to-band  transition.3  The  ratio  of  inten¬ 
sity  to  pump  power  increases  with  pump  power  because  of 
the  saturation  of  centers  that  bind  carriers,  The  energy  shift 
with  temperature  (over  that  caused  by  band-gap  shift)  comes 
about  because  higher-lying  free-electron  and  bole  states  are 
filled  as  the  temperature  increases. 

The  lower -energy  line  in  Fig.  1  has  a  different  appear¬ 
ance  and  behavior  from  the  higher-energy  line.  It  is  distinct¬ 
ly  asymmetric,  having  a  long  low-energy  tail.  While  the 


asymmetry  is  not  particularly  evident  in  the  9.2-K  spectrum 
given  in  Fig.  1,  the  asymmetry  is  evident  in  lower-tempera¬ 
ture  spectra  (T~~S  K)  where  the  band-to-band  line  is  less 
intense.  This  line  is  also  wider  than  the  higher-energy  line, 
having  a  full  width  at  half  maximum  of  13  as  opposed  to  7 
meV.  The  intensity  of  this  line  does  not  increase  with  pump 
power  as  rapidly  as  the  band-to-band  line.  The  peak  energy 
shifts  like  the  band  gap  from  5  to  10  K.,  then  shifts  2  to  4  meV 
(depending  on  pump  power)  more  than  band  gap  from  10  to 
30  K. 

These  properties  suggest  that  the  lower-energy  line  is 
due  to  donor-to-acceptor  luminescence6  at  low  temperatures 
and  is  produced  by  a  free  electron  recombining  with  a  bound 
hole7  at  higher  temperatures  when  the  donors  are  ionized. 
The  observed  intensity  variation  with  pump  power  supports 
the  interpretation  of  the  line  as  involving  a  bound  hole,  as  the 
centers  become  saturated,  both  donor-to-acceptor  and  free- 
to-bound  line  intensities  should  decrease  in  relation  to  a  free- 
to-free  line  intensity.  The  observed  shift  in  energy  of  the  line 
indicates  a  change  from  a  transition  involving  only  bound 
carriers  at  low  temperature  to  one  involving  a  free  carrier  at 
the  higher  temperatures  studied.  This  change  is  indicated 
because,  if  the  lower  energy  line  is  produced  only  by  donor- 
to-acceptor  luminescence,  the  line  peak  would  shift  at  ap¬ 
proximately  the  same  rate  as  the  band-gap  energy  as  tem¬ 
perature  is  increased,  for  the  entire  temperature  range. 

In  the  x  —  0.48  material,  three  luminescence  lines  (a 
spectrum  is  shown  in  Fig.  2)  are  observed  in  two  of  our  sam¬ 
ples.  One  of  these  samples  is  lightly  p  type,  with  10'*  cm'7  Au 
atoms.'  The  other  is  lightly  n  type,  with  1015  cm'5  donors  '  In 
the  third  *  =  0.48  sample  studied,  only  the  low-and  high- 
energy  lines  are  observed.  This  sample  is p  type,  with  10'5 
cm  3  Au  atoms.'  All  three  samples  were  grown  using  the 
solid-state  recrystallization  method,  and  were  annealed  in 
Hg  vapor  to  reduce  the  concentration  of  Hg  vacancies  '  The 
composition  of  these  samples  was  determined  by  the  amount 
of  the  constituents  put  into  the  melt  before  it  was  quenched. ' 

The  high-energy  line  is  qualitatively  similar  to  the  cor¬ 
responding  line  in  the  x  —  0.32  material.  The  peak  of  the  line 
shifts  about  7  meV  between  4.7  and  30  K  in  all  samples  of 
x  —  0.48  material  studied.  As  pump  power  is  increased  from 


FIG.  2.  Fbotolunanrermrc  intensity  vt  energy  of  emitted  photon  for 
Hs,,Cd„Te.  The  high-energy  peak  it  attributed  to  a  band-to-band  tranti- 
tkn.  The  low-energy  peak  it  attributed  primarily  to  donor-to-aoceptor  iu- 
mineecence  below  — 10  K,  and  to  band-to-acceptor  lumineeocnce  at  higher 
temperature.  The  intermediate-energy  tine  it  interpreted  at  bound-cxdton 
recombination  lumineacence 
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2  to  5  W  cm'3,  the  intensity  or  the  line  divided  by  the  pump 
intensity  increases  by  30  to  100%  (depending  on  tempera¬ 
ture).  This  ratio  of  line  intensity  to  pump  intensity  then  stays 
the  same,  or  decreases  slightly  as  the  pump  power  is  in¬ 
creased  to  the  highest  pump  power  studied,  14  W  cm'3. 
These  properties  indicate  that  the  line  is  produced  by  a  band- 
to-band  transition,  for  the  same  reasons  given  earlier  for 
identifying  the  corresponding  line  in  the  x  —  0.32  material. 

The  low-energy  line  in  the  x  =  0.48  material  is  also 
similar  to  its  counterpart  in  the  x  =  0.32  material.  The  line 
peak  shifts  to  higher  energy  with  increasing  temperature 
above  — 10  K,  shifting  10  meV  between  9.2  and  30  K  at  the 
lowest  pump  power,  2  W  cm'3.  The  peak  does  not  shift  with 
temperature  below  — 10  K,  except  for  a  small  shift  at  the 
highest  pump  power  studied.  The  ratio  of  the  intensity  of  the 
low-energy  line  to  the  intensity  of  the  high-energy  line  de¬ 
creases  with  pump  power,  except  that  at  20  and  30  K  the 
ratio  increases  as  pump  power  is  raised  from  5  to  14  W  cm'3. 
Using  the  same  argument  given  above  for  x  =  0.32  material, 
we  identify  this  line  as  donor-to-acceptor  luminescence  at 
low  temperature,  and  free-to-bound  luminescence  at  the 
higher  temperature  studied. 

The  intermediate-energy  line  appears  only  in  some  sam¬ 
ples  of  the  x  =  0.48  material.  The  line  peak  does  not  shift 
with  temperature  to  within  1  meV  (the  experimental  uncer¬ 
tainty  of  the  peak  positions)  between  4.6  and  18.8  K.  Since 
the  band  gap  for  material  of  this  composition  shifts  by  less 
than  1  meV  in  this  temperature  range  (Ref.  1,  p.  29),  the  peak 
position  is  fixed  with  respect  to  the  band  gap  for  these  tem¬ 
peratures.  The  line  intensity  falls  off  more  rapidly  with  in¬ 
creasing  temperature  than  either  of  the  other  lines,  and  is  not 
visible  in  the  spectra  taken  above  18.8  K.  As  pump  power  is 
increased,  the  line  intensity  increases  at  a  rate  that  is  slightly 
less  than  linear.  The  characteristics  of  this  line  suggests  that 
it  is  produced  by  bound-exciton  recombination.  Since  both 
the  hole  and  electron  are  bound,  the  peak  position  should  not 
change  relative  to  the  band  gap  with  temperature.  Also,  the 
intensity  should  fall  off  rapidly  with  temperature  as  the  cen¬ 
ters  are  depopulated  by  thermal  excitation  of  the  excitons. 
Finally,  the  variation  of  intensity  with  pump  power  is  also 
consistent  with  a  bound-exiton  interpretation,  because  the 
centers  binding  the  exciton  should  saturate  as  the  pump 
power  is  increased. 

The  position  of  this  line  is  approximately  that  of  donor- 
valence-band  luminescence.  There  are  several  pieces  of  evi¬ 
dence  that  indicate  that  this  is  not  the  origin  of  the  line.  The 
most  compelling  argument  is  that  donor-valence-band  lu¬ 
minescence  should  shift  to  higher  energies  as  the  tempera¬ 
ture  is  increased,  and  higher-energy  hold  states  are  occupied. 
Furthermore,  the  width  is  appropriate  to  a  bound-exciton 
line.  A  donor-valence-band  line  should  have  a  width  of 
about  1  meV,  while  the  observed  line  width  is  6  meV,  which 
is  closer  to  the  4-meV  width  expected  for  a  bound-exciton 
line. 

The  positions  of  the  various  lines  provide  donor  and 
acceptor  ionization  energies.  The  difference  in  energy  be¬ 
tween  the  band-to-band  line  and  the  donor-acceptor  line  at 
zero  temperature  is  a  lower  limit  on  the  sum  of  the  donor  and 
acceptor  energies.  The  acceptor  energy  is  the  difference  be¬ 


tween  the  band-to-band  line  and  the  band-to- acceptor  line 
extrapolated  to  zero  temperature.  The  overlap  between  the 
band-to-acceptor  and  donor-acceptor  lines  and  errors  asso¬ 
ciated  with  extrapolated  to  zero  temperature  cause  some  un¬ 
certainty  in  the  procedure,  but  some  limits  may  be  estimated 
for  the  ionization  energies.  For  thex  —  0.32  material,  the 
acceptor  energy  is  14.0  ±  l.S  meV,  and  for  the  donor,  the 
ionization  energy  is  less  than  2  meV.  For  the  x  =  0.48  mate¬ 
rial,  the  two  ionization  energies  are  IS.  3  ±  2  and  4.5  ±  2 
meV,  respectively.  For  comparison,  the  authors  of  Ref.  2 
estimate  values  of  acceptor  ionization  energy  forx —0.3  ma¬ 
terial  of  13  meV  from  the  luminescence  data  and  20  meV 
from  the  temperature  dependence  of  the  Hall  data.  For 
x  =  0.5  material,  they  estimate  25  meV  from  luminescence 
measurements.  While  the  agreement  is  not  particularly 
good,  the  results  are  consistent  with  one  another  in  light  of 
the  uncertainty  involved. 

In  summary,  we  have  shown  spectra  of  near-band-gap 
photoluminescence  from  Hg,.,  Cd,  Te  with  x  =  0.32  and 
x  =  0.48,  and  presented  our  interpretation  of  the  origin  of 
the  lines.  Thex  =  0.32  material  shows  two  lines.  The  proper¬ 
ties  of  the  high-energy  line  are  consistent  with  those  for  a 
band-to-band  transition,  and  those  of  the  low-energy  line 
with  donor-to-acceptor  luminescence  at  low  temperature 
and  free-electron  to  bound-hole  luminescence  above  —  10K. 
The  x  =  0.48  material  shows  both  these  bands,  which  we 
interpret  similarly,  plus  an  additional  line  which  we  at¬ 
tribute  to  bound-exciton  recombination. 

The  presence  of  the  bound-exciton  luminescence  in  the 
x  s  0.48  material  is  consistent  with  the  Osboum-Smith  cal¬ 
culation  showing  a  radiative  efficiency  of  90%  for  the  bound 
exciton  in  HgCdTe  of  this  composition.  The  absence  of  a 
corresponding  line  in  the  x  m  0.32  samples  cannot  be  taken 
as  conclusive  evidence  that  bound-exciton  luminescence 
does  not  occur  in  this  material,  since  we  do  not  observe 
bound-exciton  luminescence  in  one  of  the  x  *  0.48  samples 
we  have  studied.  It  is  therefore  possible  that  other  mecha¬ 
nisms  are  responsible  for  the  absence  of  bound-exciton  lumi¬ 
nescence,  such  as  overlap  of  the  bound  exciton  with  too 
many  impurities.  This  overlap  would  be  more  likely  in 
x  =  0.32  than  in  x  =  0.48  material,  because  the  exciton  radi¬ 
us  is  larger  in  thex  =  0.32  material.  However,  the  absence  of 
the  bound-exciton  luminescence  in  thex  =  0.32  samples  is 
consistent  with  the  Osboum-Smitb  estimate  of  a  much  lower 
radiative  efficiency  of  20%  for  the  bound  exciton  in  that 
material. 

We  wish  to  acknowledge  the  valuable  help  of  Dr.  Peter 
Bratt  of  Santa  Barbara  Research  Center,  who  provided  us 
with  samples,  and  Dr.  L.  H.  DeVsux  of  the  Hughes  Re¬ 
search  Laboratories,  who  gave  us  a  number  of  useful  sugges¬ 
tions  on  working  with  HgCdTe.  This  work  was  supported  in 
part  by  AFOSR  under  Grant  No.  77-3216. 
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We  report  the  observation  in  Hg,  _  „  Cd,  Te  of  band-to-band,  band- to- acceptor,  and  donor- 
acceptor  luminescence  for  material  of*-  0.32  and  0.48,  and  bound  exciton  recombination 
luminescence,  for  material  of  0.48.  The  band-to-band  line  shape  and  variation  in  intensity  with 
pump  power  is  appropriate  to  an  electron-hole  plasma  with  recombination  proceeding  without 
wave  vector  conservation.  From  line  shape  separations,  we  estimate  acceptor  binding  energies  of 
14.0  ±  1.0  and  13.5  ±  2.0  meV  in*- 0.32  and  0.48  material,  respectively,  and  donor  binding 
energies  of  1.0  ±  1.0  and  4.3  ±  2.0  meV,  respectively.  Shifts  in  luminescence  energy  across  the 
sample  imply  a  change  in  composition  across  the  sample  of  0.03  cm-1. 

PACS  numbers:  78.S5.Ds,  71.45.Nt 


I.  INTRODUCTION 

We  have  carried  out  a  series  of  photoluminescence  ex¬ 
periments  on  the  important  infrared  detector  material 
HgCdTe1  as  a  probe  of  the  near  band-gap  electronic  states  of 
the  material.  While  these  experiments  can  yield  important 
information  about  the  electronic  and  optical  properties  of 
HgCdTe,  few  experiments  of  this  type  have  been  reported  in 
the  literature. 

Previous  work  on  HgCdTe  included  both  photolu¬ 
minescence  2-3  and  cathodoluminesccnce.3  Two  broad  lumi¬ 
nescence  bands  were  observed,  which  were  attributed  to 
band-to-band  and  band-to-impurity  transitions. 13  The  im¬ 
purity  was  thought  to  be  Hg  vacancies.3  Acceptor  ionization 
energies  were  estimated  from  luminescence  and  Hall  data.3 
Temperature  dependence  of  Hall  measurements  for 
x  =  0.32  material  indicated  an  acceptor  with  an  activation 
energy  of  about  20  meV,  but  luminescence  line  separations 
gave  acceptor  ionization  energies  of  25  meV  in  the  x  =  0.5 
material,  and  as  low  as  lOmeV  in  * — 0.3  material.2  Another 
group  has  done  some  additional  Hall  work,  taking  compen¬ 
sation  into  account,  and  checked  their  resulting  acceptor 
energies  by  doing  far  IR  photoconductivity.4  These  mea¬ 
surements  yield  an  acceptor  binding  energy  EA  =  14.0 
±  1.0  meV  for  material  with  x  =  O.4.4  Previous  theoretical 
work  relevant  to  our  experiments  includes  a  calculation  of 
the  radiative  efficiency  of  bound  exciton  luminescence  in 
HgCdTe  by  Osbourn  and  Smith.3  Their  calculation  suggests 
radiative  decay  of  bound  excitons  should  dominate  nonra- 
diative  Auger  decay  in  HgCdTe  material  with  *  greater  than 
~0.4. 

In  our  experiments,  which  we  have  summarized  else¬ 
where,4  we  observed  band-to-band,  band -to- acceptor  and 
donor-to-acceptor,  and  bound  exciton  recombination  lumi¬ 
nescence.  Our  experiments  were  performed  on  samples  of 
x  ->  0.32  and  0.48,  for  temperatures  less  than  30  K,  and  for 
excitation  densities  between  0.3  and  14.0  W  cm-2.  Three 
samples  of*  -  0.48  material  were  studied,  twop  type  and 
one  n  type,  and  two  samples  of  *  *  0.32  material  were  stud¬ 
ied,  both  p  type. 

In  this  paper,  we  present  a  complete  description  of  our 
data,  and  the  results  of  our  analysis  of  the  data.  We  analyze 
line  shapes  and  line  shifts  with  temperature  and  pump  pow¬ 


er,  which  provide  us  with  information  on  the  exact  nature  of 
the  transitions,  and  on  the  densities  of  initial  and  final  state. 

The  remainder  of  this  paper  is  organized  as  follows.  The 

experimental  apparatus  and  samples  are  discussed  in  Sec.  II. 
Next,  the  results  and  analysisare  presented  in  Sec.  III.  Final¬ 
ly,  a  summary  of  the  results  is  presented  in  Sec.  IV. 

II.  EXPERIMENT 

The  experiment  will  be  described  briefly.  Samples  were 
immersed  in  liquid  helium  or  cold  helium  gas  in  a  Janis  re¬ 
search  Dewar.  A  temperature  sensor  and  heater  mounted 
near  the  sample  on  the  sample  arm  allowed  temperature  con¬ 
trol.  Excitation  was  provided  by  a  mechanically  chopped  cw 
Ar"  ion  laser  (the  chopping  produced  a  duty  factor  of 
—  50%),  focused  onto  the  sample  with  a  spot  diameter  of 
about  1  mm.  The  average  power  densities  for  the  date  pre¬ 
sented  here  varied  between  0.3  and  14.0  W  cm-2,  although 
we  were  able  to  get  power  densities  of  up  to  2  KW  cm-2  by 
increasing  the  laser  power  and  focusing  the  laser  spot  down 
to  a  few  tenths  of  a  millimeter.  Luminescence  from  the  sam¬ 
ple  was  collected  by  BaFj  lenses  and  analyzed  with  a  Spex 
1269  or  1400  spectrometer.  The  slit  width  of  the  spectrom¬ 
eter  was  chosen  to  give  energy  resolution  of  about  1  meV  in 
the  photoluminescence  spectra.  The  signal  was  detected 
with  an  InAs  detector  for  the  x  =  0.48  material,  and  an  InSb 
detector  for  the  x  =  0.32  material.  The  signal  was  processed 
with  a  lock-in  amplifier. 

Characterizing  the  sample  impurity  concentrations  is 
important  because  some  of  the  observed  luminescence  is  im¬ 
purity  related.  The  samples  were  obtained  from  Santa  Bar- 
hare  Research  Center,  and  we  report  the  sample  descriptions 
they  furnished  us.7  Both  x  =  0.32  samples  were  grown  by 
float  zone  refining  of  polycrystalline  HgCdTe.  After  the 
crystals  were  sliced,  they  were  gold  plated  and  annealed  in 
Hg  vapor.  This  process  doped  the  crystals  with  Au  and  re¬ 
duced  the  number  of  Hg  vacancies.  The  acceptor  concentra¬ 
tion  in  both  of  the  processed  crystals  is  about  10'5  Au  cm  " 3. 
The  x  =  0.48  crystals  were  grown  by  the  solid-state  recrys¬ 
tallization  method.  Two  of  the  samples  were  treated  as  de¬ 
scribed  above,  and  have  an  acceptor  concentration  of  10‘5 
and  1014  Au  cm  ~ 3,  respectively.  The  third  was  not  gold  plat¬ 
ed  before  it  was  annealed  in  Hg  vapor,  and  the  result  is  an  n- 
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type  sample  with  1015  cm-3  residual  donors.  For  thep-type 
samples,  the  acceptors  are  either  Au  substitutional  atoms  or 
Hg  vacancies. 

III.  RESULTS  AND  DISCUSSION 
A.  Band-to-band  line 

The  highest  energy  line  in  both  the  x  =  0.48  and 
x  =  0.32  material  is  attributed  to  a  band-to-band  transition. 
The  peak  at  the  highest  energy  in  Fig.  1  shows  this  line  in  the 
0.48  material,  for  several  temperatures,  and  the  peak  at  the 
highest  energy  in  Fig.  2  presents  similar  data  for  x  =  0.32 
material.  The  qualitative  features  that  characterize  the  line 
are  the  shift  of  the  line  to  higher  energy  as  temperature  is 
increased,  and  the  superiinear  increase  in  intensity  of  the  line 
as  pump  power  is  increased.  The  shift  as  temperature  is  in¬ 
creased  implies  that  free  carriers  are  involved  in  the  transi¬ 
tion.  The  superiinear  increase  in  line  intensity  with  pump 
power  comes  about  because  the  band-to-band  transition 
probability  depends  on  the  product  of  hole  and  electron  con¬ 
centrations,  both  of  which  increase  as  pump  power  is  in¬ 
creased.  Another  factor  suggesting  that  this  transition  is 
band-to-band  is  that  no  luminescence  is  observed  with  high¬ 
er  photon  energy.  In  the  remainder  of  this  section  we  will 
first  describe  these  observations  in  detail,  then  we  will  dis¬ 
cuss  a  model  for  the  transition  that  explains  most  of  the  data. 

Figures  1  and  2  both  clearly  show  the  high-energy  lumi¬ 
nescence  band  shifts  toward  higher  energy  as  temperature  is 
increased.  This  information  is  summarized  for  several  pump 
powers  in  Figs.  3  and  4.  In  both  figures,  energy  of  the  line 
peak  is  plotted  against  temperature,  with  the  points  for  a 
given  luminescence  band  at  one  pump  poweT  connected  as 
an  aid  to  the  eye.  Figure  3  shows  this  data  for  x  =  0.48  mate¬ 
rial.  The  top  three  curves,  labeled  band-to-band,  show  the 
behavior  of  this  line  for  three  different  pump  powers.  The 


FIO.  1.  Spectra  of  Hg0  ),Cdo„Te»howingphotc!umineeceeice  inteneity  vs 
photon  energy  with  the  sample  at  4.6, 9.1, 11.1,  tad  10  K,  respectively.  The 
high-energy  peak  is  doe  to  band-to-band  recombination,  the  low-aaeigy 
peak  a  due  to  donor-aoceptor  recombination  «t  low  temperature,  «n4  to 
bMd-to-occsptor  lumiauaceacc  above  - 10  K.  The  jatermediats  energy  line 
(abommottcknrtym  the  9.3  Ktp*ctruin)i»doe  to  bound  exetton  recombi¬ 
nation.  The  sample  was /type,  with  S4 


FIG.  2.  Spectra  oTHgcCdouTe  showing  photoluminescence  intensity  vs 
photon  energy  with  the  sample  at  4.8, 9.3, 1 8.6,  and  30  K.  respectively  The 
high-energy  peak  is  due  to  btnd-to-band  recombination,  and  the  low-energy 
peak  is  due  to  donor-acceptor  recombination  at  low  temperatures,  and  to 
band-to-aeceptor  recombination  above  - 10  K  The  structure  seen  mostly 
on  the  lower-energy  peak  is  due  to  atmospheric  water  vapor  absorption  The 
sample  was p  type,  with SA  -  Sa~  10” cm"’. 

slope  of  each  of  these  curves  is  approximately  3  k„ ,  where  kB 
is  Boltzmanns  constant,  0.0862  meV  K~ '.  The  top  three 
lines  in  Fig.  4  also  yield  a  slope  of  approximately  3  kB ,  for  the 
shift  of  the  band-to-band  line  in  x  =  0.32  materials. 

The  band-to-band  intensity  increases  rapidly  as  pump 
power  increases.  In  material  of  both  compositions,  the  rate 
of  increase  is  faster  than  linear  at  most  temperatures  and 
pump  powers  for  which  measurements  were  made.  In  the 
x  =  0.48  material  at  30  K  (where  the  results  are  not  compli¬ 
cated  by  overlap  with  the  bound  exciton  line),  the  band-to- 
band  intensity  increases  by  a  factor  of  4  when  pump  power  is 
increased  by  —2.5.  In  the*  =  32%  material,  the  intensity  at 
5  K  increases  by  a  factor  of  9  when  pump  power  ir.  increased 
by  a  factor  of  5.  (Although  at  30  K  in  this  sample,  the  in¬ 
crease  is  down  to  slightly  sublinear  with  pump  power.)  So 
over  the  range  of  temperatures  and  pump  powers  for  which 
we  took  data,  the  rate  of  increase  of  the  band-to-band  line 
intensity  ranged  from  slightly  sublinear  to  superiinear,  but 
always  less  rapidly  than  the  square  of  the  pump  power. 

The  model  for  the  transition  that  best  accounts  for  the 
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FIG.  4.  Summary  of  lumineicence-bsnd  peak  energies  vs  temperature  of 
Hgo^Cd,,  „  Teat  three  different  pump  powers  for  the  sample  of  Fig.  2.  The 
lines  between  data  points  are  drawn  as  a  visual  aid,  and  connect  points 
measured  at  different  temperatures  for  one  type  of  luminescence  hand  at 
one  pump  power. 

shape,  peak  shift,  and  intensity  variation  of  the  line,  is  that 
the  free  carriers  act  as  an  electron-hole  plasma,  with  recom¬ 
bination  proceeding  without  wave-vector  conservation.  Un¬ 
der  the  assumptions  of  our  model,  an  electron-hole  droplet 
like  line  shape*  results: 

/•<*"  -  £.i 

/ffkuja  I  dt 

m 

[i +*'*“- *-«.-p*i'*.r](i  +  e»-»s>‘.Ty  1 

where/ (Ay)  is  luminescence  intensity  at  photon  energy  Au, 
Et  is  band-gap  energy,  p,  and  nh  are  electron  and  hole 
chemical  potentials,  respectively,  and  kBT is  Boltzmann  s 
constant  times  the  sample  temperature.  This  equation  fits 
the  high-energy  line  fairly  well  at  20  and  30  K,  although  it  is 
somewhat  too  narrow  for  the  data  at  lower  temperatures. 
However,  the  width  of  the  lines  observed  at  lower  tempera¬ 
tures  is  approximately  that  which  would  be  produced  by 
compositional  variation  across  the  width  of  the  pump  beam. 
This  compositional  broadening  was  not  included  in  the  theo¬ 
retical  line  shapes;  however,  if  it  were  included,  the  line 
shape  predicted  by  the  model  would  probably  agree  with  the 
data  over  the  entire  temperature  range. 

Figure  5  shows  the  result  of  a  fit  at  30  K  for  one  spec¬ 
trum  of  the  x  «  0.48  material.  Band-gap  energy  and  carrier 
density  were  varied  to  obtain  the  fit,  with  inputs  being  tem¬ 
perature  (T  *  30  K,  the  bath  temperature  in  the  experiment) 
and  electron  and  hole  effective  masses  (m,  *  0.04, 

—  0.3,  from  Ref.  1).  The  agreement  between  theory  and 
data,  while  not  exact,  is  much  better  than  could  be  obtained 
for  different  models,  such  as  for  an  exciton  gas,  or  an  elec¬ 
tron-bole  plasma  in  which  recombination  proceeds  with 
wave-vector  conservation.  Furthermore,  the  carrier  density, 
which  is  the  only  variable  that  affects  the  shape  of  the  pre¬ 
dicted  line,  is  not  an  entirely  free  parameter,  since  it  can  be 
estimated  from  the  pump-laser  power  density.  The  accuracy 
of  the  fit  is  not  seriously  diminished  for  any  carrier  density 
within  the  range  consistent  with  pump  power.  Therefore,  the 
agreement  in  shape  shown  in  Fig.  3  is  almost  entirely  due  to 
the  model  and  measured  material  and  experimental 
parameters. 
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The  model  can  account  for  most  of  the  large  peak  shift 
that  is  observed  in  the  data  as  temperature  is  changed.  In  the 
nondegenerate  limit  (high  temperature  and  low  density, 
which  is  approximately  valid  for  this  experiment),  Eq.  ( 1 )  can 
be  integrated  analytically  to  give 

/  (Ay)  *  -K*y  -  E,  ft  ~  "  C*,/4*V“' +  t“uk,T ) .  (2) 

The  maximum  of  this  line  shape  occurs  at  Ay  =  £,  +  2k  B  T, 
so  as  temperature  is  increased,  the  maximum  shifts  to  higher 
energies  at  a  rate  equal  to  2  kt .  This  shift  is  smaller  than  the 
3 kt  observed  experimentally,  but  there  are  several  mecha¬ 
nisms  which  can  provide  additional  peak  shift. 

The  first  source  of  additional  shift  is  that  the  band  gap 
may  shift  slightly  in  the  temperature  range  covered.  Above 
20  K,  the  shift  has  been  measured  by  other  groups  to  be 
linear  with  temperature,  and  is  —0.2  meV  K“ 1  for  the 
x  =  0.32  material,  and  less  than  0.03  meV  K  " 1  for  x  =  0.48 
material.  Data  are  not  available  for  lower  temperatures; 

hence,  we  have  had  to  estimate  the  shift  at  temperatures 
below  20  K.  For  many  semiconductors,  the  rate  of  band-gap 
shift  with  temperature  decreases  below  20  K."  Therefore, 
the  high-temperature  values  for  the  rate  of  shift  are  likely  to 
be  either  reasonable  approximations  to  the  band-gap  shift,  or 
upper  limits  to  it.  Using  the  values  at  20  K  we  estimate  a 
band-gap  shift  between  5  and  30  K  (the  range  over  which  we 
took  data)  ofless  than  4.5  meV  for  the  x  —  0.32  material,  and 
less  than  1  meV  for  thex  =  0.48  material.  While  band-gap 
shift  and  line  shift  as  predicted  by  Eq.  (2)  could  account  for 
all  the  observed  shift  of  the  line-peak  energy  with  tempera¬ 
ture  in  x  ~  0.32  material,  we  need  to  account  for  an  addi¬ 
tional  2  meV  of  shift  in  the  0.48  material.  Since  this  remain¬ 
ing  discrepancy  is  probably  larger  than  the  error  bars  on  the 
measurement,  we  suggest  one  final  source  of  additional  shift. 
The  peak  shift  of  2  kt  assumes  a  constant  carrier  density  as 
temperature  is  changed.  This,  however,  is  not  quite  true 
since  the  hole  density  increases  as  acceptor  atoms  become 
thermally  ionized.  This  increase  in  free -carrier  density  can 
contribute  a  small  shift  of  the  band-to-band  line  to  higher 
energy.  However,  while  these  iwo  mechanisms,  together 
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FIG.  J  Photoiuminescence  spectrum  of  the  high-energy  peek  of 
Hfe»Cd„MTe  for  the  urn  pie  of  Fig.  1,  and  a  fit  to  the  data.  The  fit  it 
appropriate  to  an  electron-hole  plasma  recombining  without  wave-vector 
conservation.  Three  parameters,  the  carrier  density,  band-gap  energy,  and 
peak  intensity,  were  varied  to  obtain  the  St.  The  temperature  used  in  the 
expression  for  the  line  shape  was  30  K,  and  electron  and  hole  masses  used 
were  0.04m,  and  O.im,,  respectively. 
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with  the  peak  (hilt  predicted  by  our  model,  can  account  for 
all  the  peak  shift  observed  inr*  0.32  material,  they  may 
predict  a  shift  slightly  smaller  than  the  shift  observed  in  the 
x  *=  0.48  material. 

The  supertinear  increase  of  line  intensity  provides  addi¬ 
tional  evidence  for  a  band-to-band  transition  of  the  type  dis¬ 
cussed  earlier,  which  can  be  seen  by  some  simple  rate  equa¬ 
tion  arguments.  The  band-to-band  transition  probability  can 
be  written  as  n,  -nh  -A,  where  n,  and  nh  are  the  free -electron 
and  hole  concentrations,  respectively,  and  A  is  a  constant 
independent  of  temperature  and  pump  power.  Since  both 
n.and  n„  increase  with  pump  power,  a  superlinear  increase 
of  the  product  is  expected.  In  contrast,  recombination  in  an 
exciton  gas  would  display  at  most  a  linear  dependence  on 
pump  power. 

Ail  of  the  models  for  the  transition  considered  assume 
parabolic  band  edges,  which  in  turn  predict  a  sharply  de¬ 
fined  absorption  edge.  It  is  possible  that  the  band-edge  elec¬ 
tronic  states  are  not  well  defined  by  this  simple  model,  how¬ 
ever,  because  the  absorption  edge  for  HgCdTe  is  fit  by  a 
modified  Urbach  tail  in  HgCdTe  with  a  composition  of 
x— O.2.13  This  exponential  turn  on  may  be  a  reflection  of 
compositional  inhomogeneities  on  the  macroscopic  scale 
discussed  earlier  or,  if  the  fluctuations  are  on  a  scale  small 
enough  that  electric  field  gradients  are  significant  on  a  mi¬ 
croscopic  scale,  an  entirely  different  calculation  of  band-to- 
band  recombination  should  be  considered. 1 3  These  processes 
were  not  included  in  any  of  our  attempted  fits  of  the  band-to- 
band  line  shape. 

B.  Etoctron-to-bound  hole  band 

The  low-energy  peak,  observed  in  all  the  spectra  at  all 
temperatures,  is  produced  by  electrons  recombining  with 
holes  bound  to  acceptors,  processes  which  have  been  exten¬ 
sively  investigated  in  other  materials. 1413  The  leftmost  band 
in  Fig.  1  shows  this  luminescence  in  x  —  0.48  material,  at 
several  temperatures,  and  Fig.  2  shows  similar  data  for 
x  =  0.32  material.  The  same  qualitative  behavior  is  demon¬ 
strated  in  material  of  each  composition.  The  peak  position 
does  not  change  in  going  from  ~  5  to  — 10  K,  then  shifts 
substantially  from  10  to  30  K.  At  the  lowest  temperatures 
studied,  the  electrons  are  bound  to  donor  atoms,  but  at  high¬ 
er  temperatures  (above  about  10  K),  most  of  the  donors  are 
thermally  ionized  (donor  binding  energies  are  estimated  to 
be  approximately  2  and  3.3  meV  forx  «=  0.32  and  0.48  mate¬ 
rial,  respectively,  from  the  hydrogenic  model 1 )  and  the  lumi¬ 
nescence  is  caused  by  conduction-band  electrons  recombin¬ 
ing  with  bound  holes.  The  presence  of  a  significant  donor- 
acceptor  luminescence  line  indicates  the  material  is  compen¬ 
sated,  although  the  degree  of  compensation  is  difficult  to 
estimate. 

The  shape  of  the  line  is  similar  in  both  materials,  with  a 
long  tail  on  the  low-energy  side.  On  spectra  taken  at  lower 
pump  power,  in  which  the  band-to-band  line  is  not  as  promi¬ 
nent,  the  low-energy  line  clearly  appears  asymmetric,  with 
the  high-energy  edge  falling  off  much  more  sharply  than  the 
low-energy  tide.  This  impurity  related  line  is  somewhat 
broader  than  the  higher -energy  band-to-band  line.  There  are 
several  reasons  for  the  breadth.  The  first  is  that  the  energy  of 


luminescence  depends  on  the  distance  between  the  impuri¬ 
ties,  since  part  of  the  line  is  due  to  donor-acceptor  recombi¬ 
nation.  The  second  is  the  Urbach  tail  behavior  mentioned 
earlier  for  the  absorption  edge  in  HgCdTe,  which  can  also 
produce  tails  on  band  related  luminescence  lines.  This  is 
probably  the  origin  of  the  long  low-energy  tail  seen  in  ail  the 
spectra.  Finally,  the  impurities  see  a  distribution  of  environ¬ 
ments  since,  instead  of  being  in  a  perfect  lattice,  they  are  in 
an  alloy.  Smith 16  has  calculated  that  this  would  give  a  width 
of  about  10  meV  to  an  acceptor  level.  (The  corresponding 
broadening  for  a  donor  level  would  be  much  smaller,  simply 
because  the  donor  binding  energy  itself  is  so  small.)  These 
broadening  mechanisms  are  responsible  for  the  fact  that  the 
low-energy  threshold  of  the  bands  is  not  Et  -EA  —  ED  \Ea 
and  Ed  are  the  acceptor  and  donor  binding  energies,  respec¬ 
tively),  corresponding  to  luminescence  produced  by  donor- 
acceptor  pairs  at  infinite  separation.  The  luminescence  tail 
extends  much  farther  to  low  energy  than  could  be  accounted 
for  by  reasonable  estimates  of  the  impurity  ionization  ener¬ 
gies.  Because  of  this  long  low-energy  tail,  and  the  overlap 
with  the  band-to-band  line  on  the  high-energy  edee,  we  did 
not  attempt  a  fit  of  this  line. 

The  shift  of  the  peak  with  temperature  provides  most  of 
the  information  needed  to  understand  the  origin  of  the  lumi¬ 
nescence,  however.  The  shift  in  the  peak  position  of  this  line 
is  caused  by  somewhat  different  mechanisms  than  for  the 
band-to-band  line.  Figures  3  and  4  show  the  shift  in  the  peak 
position  of  this  line  as  a  function  of  temperature  for  several 
pump  powers.  The  most  important  feature  of  this  shift  is  that 
it  is  not  uniform  with  temperature,  and  does  not  shift  signifi¬ 
cantly  below  10  K,  for  any  pump  power.  The  peak  position 
then  shifts  rapidly  above  10  K.  This  sudden  shift  is  consis¬ 
tent  with  a  change  from  a  transition  involving  mostly  bound 
electrons  recombining  with  the  bound  hole  to  a  transition 
involving  free  electrons.  The  band-to-acceptor  line  by 
itself  should  shift  with  — JfcTin  addition  to  band-gap  shift. ' ' 
since  in  this  case  the  shift  is  caused  by  the  thermal  excitation 
of  only  one  of  the  particles,  the  electron.  The  lower  curves  on 
Figs.  3  and  4  indicate  it  may  shift  somewhat  more  than  this, 
but  much  of  the  excess  shift  is  probably  explained  by  the 
ionization  of  the  electron. 

Since  this  low-energy  line  is  impurity  related,  it  should 
decrease  in  intensity  relative  to  the  higher-energy  band-to- 
band  line  as  pump  power  is  increased.  This  can  be  seen  by 
again  referring  to  our  simple  rate  equation  model.  As  men¬ 
tioned  earlier,  the  band-to-band  probability  goes  as  n,  -n*  A 
The  band-to-acceptor  probability  goes  as  n,-NA  B,  where 
N  \  is  the  number  of  neutral  acceptors  and  B  is  another  con¬ 
stant.  At  the  low  temperatures  of  this  experiment,  with  the 
— 13  meV  acceptor  ionization  energy,  almost  all  of  the  ac¬ 
ceptors  are  neutral:  from  model  rate  equation  calculations 
we  estimate  N\  does  not  change  by  more  than  10%  in  the 
temperature  range  studied.  Therefore,  the  ratio  of  hand-to- 
band  to  band-to-acceptor  intensity  should  go  as  -constant 
n„ ,  which  increases  with  pump  power.  This  is  the  behavior 
observed  in  the  experiment.  Forx  —  0.32,  the  ratio  increases 
by  23-100%  (depending  on  temperature)  as  pump  power  is 
increased  by  a  factor  of  3.  Forx  -  0.48,  the  situation  is  com¬ 
plicated  by  overlap  with  the  bound  exciton  line,  but  the  re- 
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suits  are  qualitatively  similar. 

Donor  and  acceptor  ionization  energies  can  be  estimat¬ 
ed  from  the  separation  between  the  peaks  of  the  lumines¬ 
cence  lines.  Overlap  between  lines  and  low-energy  tails  make 
it  impractical  to  use  the  low-energy  thresholds  for  determi¬ 
nation  of  these  energies.  However,  allowing  for  the  estimat¬ 
ed  linewidths,  we  can  give  limits  for  the  donor  and  acceptor 
binding  energies.  We  have  estimated  the  donor  binding  ener¬ 
gy  to  be  1.0  ±  1.0  meV  in  x  ==  0.32  material,  and  4.5  ±  2.0 
meV  in  x  =  0.48  material.  For  acceptors,  the  corresponding 
energies  are  14.0  ±  1.5  meV  and  15.5  ±  2.0  meV.  This 
agrees  approximately  with  the  values  listed  in  Ref.  2;  the 
authors  estimate  values  of  the  acceptor  ionization  energy  for 
x— 0.3  materia]  of  13  meV  from  the  luminescence  data  and 
20  meV  from  Hall  data.  Fotx  =  0.5  material,  they  estimate 
25  meV  from  luminescence  measurements.  Our  values  agree 
very  closely  with  a  more  recent  estimate  of  EA  from  tem¬ 
perature  dependence  of  Hall  data  which  included  the  effect 
of  compensation.4  They  checked  their  estimate  of  EA  by  do¬ 
ing  far  infrared  photoconductivity  measurements,  and  de¬ 
duced  14.0  ±  1.0  meV  forx  =  0.4  material.4 

C.  Bound  axdton 

The  last  luminescence  line  we  observe  has  the  charac¬ 
teristics  of  bound  exciton  luminescence.  The  9.3 -K  spectrum 
in  Fig.  1  shows  this  third  line  fairly  clearly.  On  the  4.6  K. 
spectrum,  it  overlaps  the  band-to-band  line  and  is  difficult  to 
identify.  Also,  the  intensity  has  dropped  sufficiently  to  make 
it  difficult  to  resolve  on  the  1 8.8  K  sample.  This  intermediate 
energy  line  was  seen  only  in  two  out  of  three  x  —  0.48  sam¬ 
ples,  the  p-type  10'*  cm-3  sample  and  then-type  10,5cm-3 
sample.  It  was  not  seen  in  the  other  x  *  0.48  sample  (p-type, 
1015  cm-3),  nor  in  either  of  the  x  ==  0.32  samples. 

Since  the  line  was  not  seen  in  all  of  the  x  =  0.48  samples 
studied,  composition  was  not  the  only  factor  that  deter¬ 
mined  whether  or  not  the  line  was  observed  in  the  lumines¬ 
cence  spectrum.  However,  there  are  two  reasons  to  expect  a 
bound  exciton  line  should  be  easier  to  observe  in  material  of 
higher  composition.  The  first  involves  the  lifetime  expected 
for  bound  excitons  in  this  material.  Osbourn  and  Smith3 
have  performed  a  calculation  showing  that  for  material  of 
low  x  (small  Cd  concentration),  the  Auger  lifetime  is  shorter 
than  the  radiative  lifetime  for  bound  excitons,  and  therefore 
the  radiative  efficiency  of  the  excitons  should  be  low.  On  the 
other  hand,  for  material  of  high  x,  the  opposite  is  true,  and 
bound  excitons  in  high  x  material  should  have  a  high  radia¬ 
tive  efficiency.  The  crossover  point  occurs  at  x— 0.4.  Ac¬ 
cording  to  their  calculation,  the  radiative  efficiency  for  a 
bound  exciton  in  x  *=  0.48  material  is  90%,  compared  to  an 
efficiency  of  20%  in  x  *  0.32  material,  for  which  we  observe 
no  bound  exciton  luminescence.  A  second  factor  which 
would  also  make  it  less  likely  to  observe  a  bound  exciton  in 
x  “  0.32  material  is  that  the  exciton  bohr  radius  is  somewhat 
larger  in  this  material  than  in  the  x  =  0.48  material.  This 
means  that,  for  a  fixed  impurity  concentration,  the  exciton 
would  overlap  more  impurities  in  thex  *  0.32  material  than 
in  the  x  *  0.48  material. 

Figure  3  shows  the  shift  in  the  peak  position  of  the 
bound  exciton  as  a  function  of  temperature  for  several  differ¬ 


ent  pump  powers.  As  can  be  seen  from  the  spectra  shown  in 
Fig.  1,  the  bound  exciton  line  is  difficult  to  resolve  from  the 
band-to-band  line.  Although  it  is  more  clearly  resolved  at 
other  pump  powers  and  temperatures,  it  was  necessary  to 
use  a  fitting  routine  to  determine  the  position  of  the  lines 
when  they  overlapped  substantially.  For  this  purpose,  we 
used  a  two  Gaussian  fitting  routine,  and  did  not  attempt  to 
fit  the  tails  of  the  lines.  Although  this  procedure  obviously 
did  not  reproduce  the  exact  shape  of  the  lines,  it  did  allow  us 
to  obtain  reasonable  estimates  of  the  position  of  the  lines. 
The  error  bars  reflect  arange  of  positions  for  the  peaks  that 
gave  reasonable  fits.  To  within  the  accuracy  of  our  measure¬ 
ments,  then,  the  line  does  not  shift  as  either  pump  power  or 
temperature  is  changed.  This  is  an  important  piece  of  evi¬ 
dence  indicating  the  line  is  a  bound  exciton  line,  since  the 
carriers  must  be  bound  if  the  energy  of  the  luminescence 
does  not  shift  as  temperature  is  raised. 

The  width  of  the  line  also  supports  the  bound  exciton 
interpretation  of  the  luminescence.  Figure  6  shows  spectra 
taken  on  a  different  x  —  0.48  sample  in  which  the  bound- 
exciton  line  was  much  more  intense  than  the  band-to-band 
line  at  the  lowest  temperature  studied.  In  this  case,  the  impu¬ 
rity  concentration  was  high  enough,  and  pump  power  low 
enough,  that  most  available  electrons  and  holes  could  be¬ 
come  bound  to  impurity  centers  before  recombination,  rath¬ 
er  than  recombine  as  free  carriers.  These  data,  therefore, 
allow  an  unambiguous  determination  of  the  linewidth.  We 
determined  the  width  to  be  6  meV  from  the  4.8-K  spectrum 
shown  in  Fig.  6.  This  agrees  with  the  width  of  —5  meV  for 
bound-exciton  recombination  luminescence  calculated  by 
Smith16  taking  into  account  the  broadening  induced  by  the 
distribution  of  environments  around  the  acceptors. 

Finally,  the  drop  in  intensity  and  position  of  this  inter¬ 
mediate  energy  line  are  characteristic  of  a  weakly  bound 
state.  At  low  temperatures,  the  line  is  only  2-  or  3-meV  below 
the  band-to-band  line,  indicating  an  ionization  energy  of  this 
magnitude.  The  rapid  decrease  in  intensity  of  the  line  with 
respect  to  both  of  the  other  lines  also  indicate  that  the  ioniza- 


F1G.  6.  Spectra  of  Hfc  j,  Cdo  M  Te  thawing  photoluminetcrnce  intcntity  »» 
photon  energy  with  the  temple  at  4.S,  10.0.  end  19.7  K,  respectively.  Thete 
tpectra  ere  for  a  different  temple  (n  type,  -  A1,  -.10"cm~’l,  and  were 
taken  at  lower  pump  power  than  the  tpectra  in  Fig.  I .  The  band-to-taend  line 
it  not  vitible  at  these  temperature!,  and  the  high-energy  line  it  due  entirely 
to  bound  etdton  recombination  luminetcence. 
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uon  energy  is  small.  The  only  other  possibility  beside  the 
bound  exciton  is  a  free  hole  recombining  with  a  weakly 
bound  electron.  This  possibility  is  eliminated  by  the  lack  of 
shift  of  the  line  with  temperature  mentioned  above. 

D.  Laser  induced  damage 

High  intensity  laser  irradiation  was  found  to  damage 
one  of  the  samples.  Surface  damage  occurred  while  irradiat¬ 
ing  the  sample  with  an  estimated  2  kW  cm' 2  continuous 
laser  beam,  while  the  sample  was  in  contact  with  a  sample 
block  at  5  K  The  damage  occurred  suddenly,  as  indicated  by 
a  sudden  loss  of  luminescence  signal.  The  sample  so  dam¬ 
aged  had  a  small  pit  of  approximately  the  same  size  as  the 
laser  beam  (about  0.1 -mm  radius)  with  a  depth  of  about  0. 1 
mm. 

E.  Spatial  variations  in  band  gap 

The  samples  we  studied  showed  a  concentration  gradi¬ 
ent  from  one  side  of  the  wafer  to  the  other.  Since  the  concen¬ 
tration  determines  the  band  gap,  the  change  in  concentra¬ 
tion  was  reflected  in  a  shift  of  the  luminescence  lines  in 
energy.  Figure  7  shows  typical  luminescence  data  for  a  sam¬ 
ple  of  x  =  0.32  material.  The  three  different  spectra  were 
collected  under  identical  conditions,  except  that  the  sample 
was  moved  with  respect  to  the  pump  laser  and  spectrometer, 
so  that  the  luminescence  came  from  a  different  part  of  the 
sample  in  each  case.  Assuming  that  all  of  the  shift  in  lumi¬ 
nescence  energy  was  caused  by  band-gap  shift,  and  using 
published  fits  relating  band-gap  energy  to  composition,1  a 
change  in  composition  of  0.03  cm  ~ 1  is  implied.  This  means 
that  luminescence  experiments  can  provide  a  fairly  sensitive 
means  of  monitoring  compositional  changes  across  the  sur¬ 
face  of  HgCdTe  wafers.  The  position  of  the  luminescence 
lines  in  our  spectra  can  be  determined  to  within  about  ±  1.0 
meV,  which  would  allow  a  resolution  of  ±  0.0006  for  mea¬ 
surement  in  a  compositional  change  from  one  point  to  an¬ 
other.  Some  additional  uncertainty  would  be  added  to  the 


FIG.  7.  Spectra  of  H|gM  Cdo  »Tc  thowing  photohimiaracencc  interim  y  v« 
photon  energy  for  the  temple  of  Fig.  2.  For  tpectnun  b,  the  pump  later  wu 
0.04  in.  above  it*  position  for  spectrum  a,  and  for  c,  0. 10  in.  above  its  posi¬ 
tion  for  spectrum  a.  The  shift  in  energy  between  a  and  c  implies  a  shift  in 
composition  of  0.03  cm  *' . 


measurement  because  of  uncertainty  in  the  relationship  be¬ 
tween  composition  and  band  gap.  The  formula,  -impiled  in 
Ref.  1  give  a  spread  of  13%  in  the  compositional  changes 
implied  by  a  given  band-gap  shift. 

The  compositional  gradient  may  have  contributed  to 
the  width  of  the  luminescence  lines,  since  the  spot  size  of  the 
pump  laser  was  several  millimeters  in  diameter.  A  2-mm 
spot  causes  a  4-meV  linewidth  because  of  the  gradient  alone. 
This  should  be  regarded  as  a  lower  limit  on  the  width,  how¬ 
ever,  since  the  gradient  was  measured  over  a  distance  of 
many  millimeters  and  implies  nothing  about  local,  but  still 
macroscopic,  fluctuations  in  composition,  which  could  con¬ 
tribute  even  more  to  the  linewidth. 

IV.  SUMMARY 

In  this  paper  we  have  described  our  observations  of  lu¬ 
minescence  spectra  of  Hg,  _,Cd.,Te,forx  =  0.32  and  0  48. 
We  observed  band-to-band,  band-to-acceptor,  donor-accep¬ 
tor,  and  bound  exciton  recombination  luminescence. 

The  band-to-band  line  shape,  and  variation  of  intensity 
with  pump  power,  implies  an  electron-hole  plasma  in  which 
recombination  proceeds  without  wave- vector  conservation. 
This  model  for  band-to-band  recombination  has  been  used 
successfully  to  explain  the  gain  spectrum  of  GaAs.  n  l* 
where  free-carrier  and  impurity  scattering  are  large  enough 
to  relax  the  wave-vector  selection  rules.  The  model  should 
apply  to  HgCdTe,  but  perhaps  for  slightly  different  reasons. 
The  impurity  and  carrier  concentrations  are  somewhat  low¬ 
er  in  the  HgCdTe  samples  than  in  the  GaAs  lasers  consid¬ 
ered  in  Refs.  17  and  18.  In  the  alloy  the  random  fluctuations 
in  concentration  can  also  act  as  scattering  centers  for  elec¬ 
trons,  1  *  and  so  lead  to  relaxation  of  the  wave- vector  selection 
rules.  However,  the  major  justification  for  invoking  recom¬ 
bination  without  wave-vector  conservation  is  that  it  helps  to 
explain  the  large  shift  of  this  line  with  temperature,  and  can 
fit  the  shape  of  the  line  for  the  higher-temperature  spectra. 
Other  mechanisms,  not  considered  in  this  paper,  may  also  fit 
the  available  data.  Therefore,  the  analysis  presented  here, 
especially  the  detailed  model  proposed,  should  be  regarded 
as  somewhat  tentative  until  the  assumptions  can  be  checked 
against  further  data. 

We  have  estimated  donor  and  acceptor  ionization  ener¬ 
gies  from  our  luminescence  data.  For  EA ,  we  estimate 
14.0  ±1.5  meV  for  x  =  0.32  material  and  15.5  ±  2.0  for 
x  =  0.48  material.  The  acceptor  is  probably  either  a  Au  sub- 
situtional  atom  or  alloy  vacancy.  This  agrees  well  with  val¬ 
ues  obtained  from  IR  photoconductivity  data  and  tempera¬ 
ture  dependence  of  Hall  measurements  in  which 
compensation  was  taken  into  account.4  We  estimate 
Ed  =  1.0  ±  1 .0  and  4.5  ±  2.0  meV  in  x  *=  0.32  and  x  =  0.48 
material,  respectively,  which  is  consistent  with  values  calcu¬ 
lated  in  the  hydrogenic  model. 1  The  identity  of  the  donor  is 
unknown.  The  presence  of  the  donor-acceptor  luminescence 
band  indicates  our  samples  are  compensated. 

The  observation  of  the  bound  exciton  luminescence  in 
the  x  =  0.48  material  is  consistent  with  the  calculation  by 
Osbourn  and  Smith3  showing  a  radiative  efficiency  of  90% 
for  the  bound  exciton  in  HgCdTe  of  this  composition.  We 
did  not  observe  the  line  in  x  *  0.32  material,  although  this 
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does  not  mean  bound  excitons  do  not  occur  in  this  material, 
since  we  did  not  see  the  bound  exciton  line  in  one  of  the 
x  *  0.48  samples.  However,  the  absence  of  the  line  in 
x  «  0.32  material  is  consistent  with  the  Osbourn-Smith  esti¬ 
mate  of  a  much  lower  radiative  efficiency  of  20%  for  bound 
exciton  recombination  in  that  material. 

Finally,  luminescence  could  be  utilized  as  an  easy,  non- 
damaging  means  of  monitoring  compositional  changes 
across  the  surface  of  a  HgCdTe  wafer.  The  area  sampled  can 
be  made  essentially  as  small  as  the  spot  size  of  the  pump 
laser.  Unlike  an  absorption  measurement,  it  can  be  made  on 
a  sample  of  any  thickness.  Finally,  the  technique  yields  very 
reasonable  signals  at  laser  pump  power  densities  two  or  three 
orders-of-magnitude  below  a  power  density  that  would  dam¬ 
age  the  material.  This  is  not  necessarily  true  for  techniques 
that  use  electron  beams  as  a  probe  of  Hg  and  Cd 
concentrations. 
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Experimental  investigation  of  the  infrarad  absorption  saturation  in  p-type 
germanium  and  silicon 

R.  B.  James,  •'  Edgard  Schwog,  D.  L.  Smith, w  and  T.  C.  McGill 
California  Institute  of  Technology,  Pasadena.  California  91125 

(Received  12  October  1981;  accepted  for  publication  17  November  1981) 

We  investigate  the  room-temperature  absorption  saturation  of p-Oe  and  p-Si  tor  several  samples 
over  a  range  of  doping  densities  for  light  having  wavelengths  of  10.6  and  9.6pm.  The  transmission 
data  can  be  fairly  well  described  using  an  intensity  dependent  absorption  coefficient  characteristic 
of  an  inhomogeneously  broadened  two-level  system.  Measurements  of  the  saturation  intensity  of 
p-Ge  show  that  I,  increases  monotonically  with  increasing  hole  concentration,  and  that  the 
resonant  transition  is  significantly  easier  to  saturate  in  p-Ge  than  in  p-Si  for  the  samples  we 
examined. 

PACS  numbers:  42.65. Bv,  78.20.Dj,  78.20.  —  e 


In  this  letter  we  study  the  dependence  of  the  absorption 
saturation  in  p-type  germanium  and  silicon  on  the  doping 
density  for  wavelengths  in  the  10-pm  region.  It  has  previous¬ 
ly  been  observed  that  the  absorption  of  light  saturates  in  p- 
Ge1-5  andp-Si1  at  CO-  laser  wavelengths.  This  nonlinear  be¬ 
havior  in  p-Ge  has  been  exploited  for  generating  passively 
mode-locked  COj  laser  pulses  of  subnanosecond  duration,6-* 
and  to  provide  interstage  isolation  of  high-power  oscillator- 
amplifier  stage  of  C02  laser  systems.2  The  main  advantages 
of  using  a  p-type  semiconductor,  such  as  Ge,  over  other  satu¬ 
rable  absorbers  are  the  picosecond  recovery  time  and  the 
broadband  performance  under  saturation  conditions. 

The  dominant  absorption  mechanism  in  p-Ge  at  room 
temperature  for  light  having  a  wavelength  of  about  10pm 
has  been  shown  to  be  direct  transitions  between  the  heavy- 
and  light-hole  bands.9  For  p-Si,  the  spin  orbit  splitting  is  less 
than  the  photon  energy  for  A.  —  10  pm  so  that  direct  interva¬ 
lence-band  transitions  are  energetically  allowed  between  the 
heavy-  and  light -hole  bands,  the  heavy-  and  split-off  hole 
bands,  and  the  light-  to  split-off  hole  bands.  In  addition,  the 
absorption  of  light  by  the  creation  of  phonons  is  much  larger 
in  Si  than  Ge  for  the  wavelengths  we  consider,  consequently, 
the  residual  or  nonsaturable  absorption  is  much  larger  in  Si 
than  Ge. 

The  absorption  due  to  the  direct  intervalence-band 
transitions  is  saturable,  where  the  decrease  in  the  absorption 
coefficient  with  increasing  intensity  is  approximately  given 
by  an  inhomogeneously  broadened  two-level  model,  where 


<*(/,  Q))  m 


gp(e») 

[1+  ///»]•"' 
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Here,  OoM  is  the  absorption  coefficient  due  to  the  interva¬ 
lence-band  transitions  at  low  intensity  and  /,(<u|  is  the  satu¬ 
ration  intensity.  This  intensity  dependence  in  the  absorption 
has  been  found  to  be  well  satisfied  experimentally  for  p-Ge, 
and  val'tes  of  the  saturation  intensity  have  been  reported.2-4 
In  these  papers,  the  saturation  intensity  was  determined  for 
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rather  low  doping  densities  (Ar*  S  3x  10”  cm-5).  Here  we 
present  a  systematic  study  of  the  dependence  of  /,  on  the 
doping  density  in  p-Ge. 

A  theory  describing  the  absorption  saturation  of  p-Ge 
has  been  presented  which  realistically  accounts  for  the  ani¬ 
sotropic  and  nonparabolic  valence  bands  and  which  is  in 
close  agreement  with  experiments. 10  In  the  calculation  only 
the  carrier-phonon  scattering  was  included  in  determining 
the  modification  of  the  hole  distribution  by  the  high  intensity 
light.  For  those  temperatures  and  hole  densities  for  which 
carrier-phonon  scattering  dominated  the  carrier  relaxation 
(IV*  S  3  X  10”  cm-’  at  room  temperature),  the  calculated 
values  for  1,  were  independent  of  the  hole  concentration.  In  a 
subsequent  paper,"  the  theory  was  modified  to  include  the 
interaction  of  the  hole  carriers  with  ionized  impurities  and 
other  free  holes.  The  results  of  the  calculation  were  that  for 
hole  concentrations  such  that  hole-impurity  and  hole-hole 
scattering  rates  were  non-negligible  compared  to  hole- 
phonon  scattering  (i.e.,  IV*  £  3  x  10”  cm-5  at  room  tem¬ 
perature),  the  saturation  intensity  increases  monotonically 
with  increasing  doping  density.  A  similar  dependence  of  I, 
on  the  doping  density  is  expected  for  p-Si;  however,  due  to 
the  larger  hole-pbonon  scattering  rate  in  Si,  the  dependence 
of  I,  on  would  most  likely  require  more  heavily  doped 
samples  to  be  observable.  In  this  letter  we  experimentally 
investigate  the  saturation  behavior  of  p-Ge  and  p-Si  for  sev¬ 
eral  samples  with  different  hole  concentrations  for  light  at 
10.6  and  9.6  pm. 

The  transmission  experiment  is  shown  schematically  in 
Fig.  1.  The  saturating  laser  was  a  transversely  excited  C02 
laser  at  atmospheric  pressure  operating  with  a  TEMoo  out¬ 
put.  The  wavelength  was  controlled  by  an  internal  grating 
which  allows  a  tunable  output  over  the  9-1 1-pm  region.  The 
output  energy  of  about  0.6  J  was  reproducible  to  within  1- 
2%  from  shot  to  shot.  The  output  pulse  has  about  50%  of  the 
energy  in  the  form  of  a  spike  with  a  pulse  width  full  width  at 
half-maximum  (FWHM)  of  about  40  ns.  The  remainder  of 
the  energy  is  in  a  long  tail  of  relatively  low  power  density 
which  lasts  about  0.4  fit  (depending  on  the  N:  mix).  An  iris 
was  used  to  isolate  the  central  portion  of  the  Gaussian  beam 
in  order  to  minimize  the  spatial  variation  of  the  beam.  The 
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FIG.  i.  Experimental  letup  for  the  absorption  saturation  measurements 


power  density  was  controlled  by  using  calibrated  CaF2  at¬ 
tenuators,  a  ZnSe  optical  lens  for  focusing,  and  by  adjust¬ 
ment  of  the  high  voltage  power  supply.  The  p-Ge  and  p-Si 
samples  were  broadband  antireflection  coated  for  10-*tm  ra¬ 
diation  and  normal  incidence.  In  this  way  we  were  able  to 
obtain  transmission  data  as  a  function  of  incident  intensity 
for  pulses  with  approximately  uniform  spatial  variation  and 
high  energy  reproducibility  from  shot  to  shot.  The  maxi¬ 
mum  peak  intensity  used  in  the  experiment  was  about  SO 
MW/cm2,  at  which  point  the  antireflection  coatings  began 
to  exhibit  optical  damage. 

A  pyroelectric  detector  with  500- ps  rise  time  was  used 
to  measure  the  time  dependence  of  the  pulses  and  a  volume 
absorbing  calorimeter  was  used  to  provide  a  measurement  of 
the  energy  transmission.  The  calorimeter  was  accurate  to 
within  3%  according  to  specifications.  Bum  patterns  on  Po¬ 
laroid  films  were  used  to  determine  the  cross-sectional  area 
of  the  beam  at  the  position  of  the  Ce  or  Si  sample.  The  AR- 
coated  ZnSe  lenses  used  were  of  relatively  large  focal  length 
to  avoid  any  significant  focusing  as  the  beam  propagated 
through  the  sample.  Self-focusing  effects  were  negligible  for 
the  power  levels  used  in  this  experiment.  Using  the  bum 
patterns,  calorimeter  output,  and  pyroelectric  detector  dis¬ 
play,  we  were  able  to  measure  the  intensity  after  passage 
through  the  sample.  Due  to  the  high  reproducibility  of  the 
pulse  energy  from  shot  to  shot,  we  could  separately  measure 
the  intensity  incident  on  the  sample  in  the  same  way  as 
shown  in  Fig.  1  but  with  the  sample  removed. 

Using  the  transmission  data  of  the  energy  incident  on 
the  sample  (£,„ )  and  the  energy  at  the  exit  of  the  sample 
(£„,, ). we  determine  the  linear  absorption  coefficient  for 

fvmk  <A  by 

e-^  =  £M/fm,  (2| 

where  L  is  the  sample  thickness.  We  measure  a  cross  section 
of  about  7  X 10" 14  cm2  for  10.6^m  radiation  and  room-tem¬ 
perature  conditions.  The  measured  value  of  the  cross  section 
is  consistent  with  other  measurements  given  the  uncertainty 
in  Nh  for  the  different  samples.  For  larger  intensities 
l/r„t  tl,),  we  consider  that  only  the  spike  of  the  laser  pulse 
sees  a  nonlinear  absorption  coefficient.  The  spike  is  de¬ 
scribed  by  a  rectangular  pulse  of  40-ns  width  containing 
30%  of  the  total  incident  energy.  The  remainder  of  the  ener¬ 
gy  in  the  low  intensity  tail  of  the  pulse  is  linearly  absorbed 
according  to  Eq.  (2).  We  subtract  from  our  transmission  data 
the  contribution  due  to  the  linear  absorption  in  the  tail  and 
obtain  the  average  intensity  in  the  spike  incident  on  the  sam¬ 
ple  \Im )  and  at  the  exit  of  the  sample  |/w ).  We  numerically  fit 


I,  and  a0  to  satisfy 


(An  -/«.,)  = 


{I  + 1/1,]' 12 


dz. 


(21 


and  we  determine  the  value  of  the  saturation  intensity  for  the 
different  samples.  Here,  a,  is  the  residual  or  nonsaturable 
absorption  due  to  phonon  absorption  and  indirect  intrava¬ 
lence-band  transitions.  The  absorption  coefficient  from  mul¬ 
tiphonon  absorption  at  10.6 pm  is  0.030  cm- 1  for  Ge  (Ref. 
12)  and  1.30  cm- 1  for  Si. 13  The  corresponding  values  for  9.6- 
pm  radiation  are  0.025  cm  - 1  for  Ge  (Ref.  12)  and  0.40  cm 
for  Si. 13  The  intravalence-band  absorption  cross  section,  es¬ 
timated  from  D rude- Zener  theory,  is  about  1  x  10- 17  cnrr 
for  Ge  and  3  x  10- 17  cm2  for  Si.  Thus,  for  the  hole  densities 
we  consider  in  this  letter,  ap  <a0  for  p-Ge  and  ap  S  a0  for  the 
p- Si  samples. 

The  measured  values  of  I,  for  p-Ge  are  shown  in  Fig  2 
for  10.6-  and  9.6-pm  radiation.  Also  shown  are  the  calculat¬ 
ed  values  for  the  dependence  of  the  saturation  intensity  on 
the  doping  density.  The  calculated  values  of  I,  vs  A*  at 
10.6 /im  (solid  line)  are  reproduced  from  Ref.  1 1  and  values 
of  A  at  9.6  pm  (dotted  line)  are  calculated  in  the  same  man¬ 
ner  as  discussed  in  Ref.  11. 

The  experimental  values  of  1 ,  at  10.6  pm  indicate  that 
the  saturation  intensity  increases  monotonically  with  in¬ 
creasing  hole  concentration  for  the  Ge:Ga  samples  we  stud¬ 
ied.  For  the  samples  with  larger  hole  concentrations,  the 
scattering  rates  due  to  hole-impurity  and  hole-hole  scatter¬ 
ing  are  larger.  The  result  of  increasing  the  scattering  rate  is 
that  higher  intensities  are  required  to  reduce  the  free-hole 
population  in  the  heavy-hole  band  at  the  resonant  region, 
since  the  excited  holes  can  relax  at  a  faster  rate.  We  also  note 
that  the  experimental  values  for  I,  vs  are  in  fair  agree¬ 
ment  with  theory,  with  the  experimental  values  consistently 
larger  than  the  calculated  values  by  about  20%.  Previous 
measurements  of  I,  on  lightly  doped  samples  (A\  $  3  x  101' 
cm  -3|  have  reported  values  of  3.2  (Ref.  2),  4.5  (Ref  3),  and  4 
(Ref.  4)  MW/cm2  for  A  =  10.6 pm  and  6.8  MW/cm2  (Ref.  2) 
for /l  =  9.6  pm. 

The  measured  values  of  l,  for  p-Ge  at  9.6  pm  show  a 
weaker  fractional  dependence  on  the  hole  concentration  for 
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FIG.  2.  Experimental  end  calculated  values  of  the  saturation  intensity  /,  vs 
the  bole  concentration  for  p-Ge  The  circles  (triangles)  show  the  experimen¬ 
tal  values  of/,  for  light  having  s  wavelength  of  I0.6i<m  (9  6pmi  The  solid 
line  in  the  figure  shows  a  calculation  of  /,  vs  .V,  taken  from  Ref.  1 1  for 
lO.byim  radiation,  and  the  dashed  line  shows  the  calculation  of  I,  vs  A’, 
for  9.6yitn  radiation 
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the  samples  considered.  For  light  having  a  wavelength  of  9.6 
pm,  the  direct  transition  between  the  heavy-  and  light-bole 
bands  occurs  at  larger  values  in  k  space,  and  thus,  for  larger 
heavy-  and  light-hole  energies.  Phonon  scattering  was  calcu¬ 
lated  on  the  basis  of  the  deformation  potential  model,  where 
the  scattering  rates  have  a  square  root  dependence  on  the 
energy  of  the  hole  carrier. 14  The  scattering  rate  for  a  hole 
with  energy  e  due  to  ionized  impurities  and  other  hole  carri¬ 
ers  has  approximately  an  dependence.1516  Conse¬ 
quently,  the  effect  of  increasing  the  heavy-  and  light-hole 
energies  in  the  resonant  region  by  going  from  10.6  to  9.6-pm 
radiation  is  to  increase  the  effect  of  phonon  scattering  and  to 
decrease  the  contribution  of  hole-impurity  and  hole-hole 
scattering.  Since  I,  is  substantially  independent  of  the  hole 
density  in  the  region  where  hole-phonon  scattering  is  domi¬ 
nant,  we  expect  a  weaker  fractional  dependence  of  /,  on  N„ . 
A  discussion  of  the  wavelength  dependence  of  I,  over  the 
CO;  laser  spectrum  has  previously  been  presented.11 

The  measured  values  of  I,  for  p- Si  at  10.6  and  9.6 
are  shown  in  Table  I.  The  first  three  samples  were  doped 
with  boron,  and  the  fourth  sample  was  doped  with  alumi¬ 
num.  We  see  that  Is  is  considerably  larger  for  Si  than  Ge, 
which  is  primarily  due  to  the  larger  hole-phonon  scattering 
rate  and  the  smaller  excitation  rate  in  Si.  In  addition,  lattice 
absorption  is  much  larger  in  Si  than  Ge  for  the  wavelengths 
of  interest.  This  larger  nonsaturable  absorption  must  be  in¬ 
cluded  in  the  analysis  and  creates  a  larger  uncertainty  in  the 
values  for  the  saturation  intensities.  Absorption  saturation 
in p- Si  has  previously  been  observed';  however,  the  range  of 
intensities  considered  was  smaller  and  the  data  was  inter¬ 
preted  in  terms  of  a  homogeneously  broadened  two-level 
model  with  /,  t  50  MW/cm*.  We  find  that  the  data  to  be 
better  approximated  by  an  inhomogeneously  broadened 
two-level  model,  where  the  deviation  between  the  two  func¬ 
tional  forms  for  the  intensity  dependence  of  the  absorption 
coefficient  becomes  apparent  for  It  I,. 

A  calculation  of  the  nonlinear  absorption  of  p-type  se¬ 
miconductors  with  small  spin-orbit  splittings,  such  as  Si,  has 
recently  been  presented. 18  In  the  calculation,  the  depletion 
of  the  hole  distribution  function  in  the  three  resonant  regions 
for  transitions  between  the  heavy-  and  light-hole  bands, 
heavy-  and  split-off  hole  bands,  and  light-  to  split-off  hole 
bands  were  assumed  to  be  decoupled  so  that  the  modifica¬ 
tion  of  the  distribution  due  to  one  resonant  transition  does 
not  strongly  affect  the  population  of  occupied  hole  states  in 
the  resonant  region  for  another  direct  intervalence-band 
transition.  Using  this  approximation,  values  of  I,  for  p-Si 
were  calculated  to  range  from  140  to  180MW/cm2forwave- 


TABLE I.  Saturation  intensities  for  uncompensated  crystalline  p- Si  sam¬ 
ples.  St  is  the  concentration  of  free  holes  and  A  is  the  wavelength  of  the 
light. 


N,lem-’| 

-Kirmi 

/,(MW/cm!| 

7x10” 

10.6 

55 

3x10’'' 

10.6 

71 

7X10” 

9.6 

43 

2x10” 

9.6 

36 

lengths  in  the  9-1  l-/jm  region.  Although  the  calculated  val¬ 
ues  of  I,  are  somewhat  larger  than  the  experimental  values, 
the  calculation  does  predict  that  p-Si  is  significantly  more 
difficult  to  saturate  than  p- Ge,  which  is  in  agreement  with 
our  data. 

In  summary,  we  have  experimentally  examined  the 
room-temperature  absorption  saturation  ofp-Ge  and  p-Si 
for  several  samples  of  varied  doping  density  for  light  having 
a  wavelength  of  10.6  and  9.6  pm.  We  find  that  the  transmis¬ 
sion  data  can  be  fairly  well  understood  by  an  inhomogen¬ 
eously  broadened  two- level  model  for  the  range  of  intensities 
considered.  We  find  that  the  saturation  intensity  for p-Ge 
monotonically  increases  with  increasing  hole  concentration, 
in  agreement  with  the  calculations  of  Ref.  1 1 .  Thus,  depend¬ 
ing  on  the  application  of  the  saturable  absorber,  one  can  get 
more  efficient  nonlinear  behavior  by  using  lightly  doped  ma¬ 
terial,  where  hole-phonon  scattering  dominates  the  carrier 
relaxation.  The  data  for  p-Si  indicates  that  the  material  is 
significantly  more  difficult  to  saturate  than  p-Ge,  and  is 
probably  not  as  useful  in  the  applications  of  saturable  ab¬ 
sorbers  to  CO:  laser  systems  as  Ge. 
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Theory  of  Nonlinear  Infrared  Absorption  in  p-Type  Germanium 
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We  present  a  theory  ot  the  saturation  of  inter-valence-band  absorption  top -type  Ge  by 
high-intensitjr  light  with  a  wavelength  near  10  pm.  The  absorption  coefficient  decreases 
with  intensity  in  a  manner  closely  approximated  by  ai  inhomogeneously  broadened  two- 
level  model.  The  saturation  intensity  is  calculated  as  a  function  of  excitation  wavelength 
and  temperature  and  found  to  be  in  good  agreement  with  measured  valuee. 


Free- hole  transitions  between  the  heavy-  and 
light- hole  bands  in  p-type  Ge  are  primarily  re¬ 
sponsible  for  the  absorption  of  light  with  wave¬ 
lengths  in  the  11-  to  9- pm  range.  Absorption 
due  to  this  process  has  been  found  to  saturate  at 
high  light  intensities,1'4  Thusp-type  Ge  can  be 
used  as  a  saturable  absorber  to  passively  mode 
lock  COj  lasers.  In  this  Letter,  we  present  a 
theory  of  the  saturation  at  heavy- hole  band  to 
light-hole  band  transitions  inp-type  Ge  at  high 
light  intensities. 

Previously  saturable  absorption  in  p-type  Ge 
has  been  analyzed  by  modeling  the  Ge  valence 
bands  as  an  ensemble  of  two-level  systems  whose 
level  populations  approach  one  another  at  high 
light  intensities.*" 5  This  model  predicts  that  the 
dependence  of  the  absorption  coefficient  a6  a  func¬ 
tion  of  intensity  is  given  by 

or(J,to)*a0M[l  ♦///»]- *'*,  (1) 

where  o0(u>)  is  the  absorption  coefficient  at  low 
intensity,  and  1  ,(u)  is  the  saturation  intensity. 

This  behavior  was  found  to  be  reasonably  well 
satisfied  experimentally.*'4  However,  attempts 
to  calculate  /,(<*>)  as  a  function  of  photon  energy 
using  the  two-level  model  and  a  multistep  cascade 
relaxation  produced  results  that  were  in  qualita¬ 
tive  disagreement  with  experiment.*’  *  There  has 
also  been  a  theoretical  discussion  of  the  satura¬ 
tion  based  on  a  spherical,  parabolic  band  model,* 
but  this  study  produced  a  result  for  the  absorption 
coefficient  which  was  quite  different  from  that  of 
Eq.  (1)  and  which  is  in  qualitative  disagreement 
with  experimental  results.  Here  we  describe  the 
Ge  valence  bands  using  degenerate  k*p  perturba¬ 
tion  theory.  This  is  the  first  time  the  saturable 
absorption  has  been  discussed  in  a  model  which 
realistically  accounts  for  the  anisotropic  and  non¬ 
parabolic  Ge  valence  bands.  Our  calculated  re¬ 
sults  are  in  close  numerical  agreement  with  Eq. 
(1)  and  for  the  first  time  give  results  for  /,(w)  as 
a  function  of  photon  energy  which  are  in  good 


agreement  with  the  experimental  values.  There 
are  no  adjustable  parameters  in  the  theory. 

Both  energy  and  wave  vector  are  conserved  in 
the  inter- valence-band  optical  transition.  Thus 
only  holes  in  a  narrow  region  of  the  heavy-hole 
band  can  directly  participate  in  the  absorption. 

As  the  light  intensity  becomes  large,  the  popula¬ 
tion  at  these  states  in  the  heavy-hole  band  is  de¬ 
creased  and  the  absorption  coefficient  is  reduced. 
The  absorption  coefficient  is  given  by 

■"'••'■TOT?1''®-'-® 

where  the  subscripts  h  (I)  designate  the  heavy - 
(light-)  hole  band,  N  is  the  density  of  holes,  c  is  * 
the  dielectric  constant,  m  is  the  f  ree-electron 
mass,  Xv  is  the  photon  energy,  /,(£)  is  the  proba¬ 
bility  that  a  holeasfate  with  wave  vector  £  is  occu¬ 
pied  in  band  t,  |P»i(£)l2  is  the  squared  momentum 
matrix  element  between  the  Bloch  states  in  the 
heavy-  and  light-hole  bands  (summed  over  the  two 
degenerate  states  in  each  band),  and  fl(£)  is  the 
angular  frequency  associated  with  the  energy  dif¬ 
ference  [e»(£)  -£,(£)]  where  et(£)  is  the  energy  of 
the  hole  with  wave  vector  £  in  band  i.  The  phase 
relaxation  time  T,(£)  is  given  by 

T*(£)  *  -«k’  +^lk  -ek’]  I  (3) 

where  A.t  is  the  rate  at  which  a  hole  in  band 
a  with  wavevector  £  is  scattered  into  a  state  in 
band  b  with  wave  vector  £'. 

In  p- type  Ge  the  scattering  rate  of  holes  occurs 
on  a  subpicosecond  time  scale.  Since  the  experi¬ 
mental  studies  use  lasers  with  nanosecond  pulse 
durations,  transient  effects  are  damped  out.. 
Hence,  we  calculate  the  steady-state  distribution 
functions  which  are  determined  by  the  following 
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equations: 

0(R, /)!/»(&) -/,(£)] 

=  -  -ct'/*(Tt)  ~Rch'  -*k/«(^)]  i 

*k' 

Pfc.I)  I/.®-/,®) 

x  P t* Ik  - e k '  ft ®  - R, k '  - 1 kfcfc ')  1 . 
«k' 

where 

“v'Ww  nL 

x . i/*»r,(E) 

ioW-^F+uAv^jP' 


(4a) 

(4b) 


(4c) 


These  equations  state  that  the  rate  at  optical  ex¬ 
citation  out  of  (into)  a  state  is  equal  to  the  net  rate 
of  scattering  into  (out  of)  the  state.  The  left-hand 
sides  of  Eqs.  (4a)  and  (4b)  give  the  net  rate  of  op¬ 
tical  excitation  out  of  a  state  with  wave  vector  E 
in  the  heavy-hole  band  into  a  state  with  wave  vec¬ 
tor  1  in  the  light- hole  band.  Here  0(E,  /)  describes 
the  strength  of  the  optical  interaction. 

Using  Eqs.  (4),  we  obtain  an  expression  for  the 
steady-state  difference  in  occupation  probabili¬ 
ties, 


/»(E) -/,(*)  = 


l+0(E,/)lT*(fc)+T1(E)J  *  W 


where  //(E)  is  the  equilibrium  value  for  the  dis¬ 
tribution  function, 


72 ir«5*»Wk',  {6a) 

Ffc),r)-T,  R-k .  ~»i;[/e(E')  -//<£*)] ,  m 

ek' 

and  T ,(S)  and  G(E,  7)  are  defined  for  the  light-hole 
band  analogous  to  Eqs.  (6a)  and  (6b),  respective¬ 
ly.  The  function  F(E,  I)  is  the  difference  in  the 
feeding  rate  of  free  holes  from  the  equilibrium 
feeding  rate  for  the  state  with  wave  vector  E  in 
the  heavy-hole  band.  The  first  term  in  Eq.  (5) 
gives  the  population  difference  that  would  occur 
for  the  states  at  £  if  the  populations  of  the  states 
that  feed  those  at  £  were  given  by  their  equilibri¬ 
um  values.  The  second  term  in  Eq.  (5)  accounts 
for  the  change  in  the  populations  of  the  states  that 
feed  those  at  E.  For  those  values  of  E  which  are 
important  in  the  integral  in  Eq.  (2),  the  first  term 
in  Eq.  (5)  is  found  to  be  significantly  greater  than 
the  second. 


For  the  hole  concentrations  and  temperatures 
at  which  most  saturable  absorption  measurements 
have  been  performed  (room  temperature,  N  s  io“ 
cm*9),  phonon  scattering  is  the  dominant  scatter¬ 
ing  mechanism.  Phonon  scattering  was  calculat¬ 
ed  on  the  basis  of  the  deformable  potential  model, 
where  the  deformation  parameters  were  taken 
from  the  mobility  fits  of  Brown  and  3ray.7  Fol¬ 
lowing  Ref.  7  we  neglect  angular  dependence  in 
the  phonon  scattering  matrix  elements  and  take 
the  scattering  rates  to  be  the  same  function  of  en¬ 
ergy  for  the  heavy-  and  light-hole  bands.  Energy 
relaxation  of  the  excited  holes  is  determined  by 
optical -phonon  scattering.  The  optical -phonon 
spectrum  is  relatively  flat  for  small  k  with  an  av¬ 
erage  energy  of  about  0.037  eV.  We  neglect  the 
energy  of  the  acoustic  phonons;  this  is  a  reason¬ 
able  approximation  for  the  region  of  interest 
(small  k).  Acoustic-phonon  scattering  mixes 
states  with  approximately  the  same  energy  but 
different  values  of  £.  The  effect  of  acoustic -pho¬ 
non  scattering  is  not  negligible  because  of  the 
anisotropy  of  the  valence  bands. 

If  there  is  no  angular  dependence  in  the  phonon 
scattering  matrix  elements,  the  functions  F(k)  and 
G(£)  depend  only  on  e,(k)  and  e,(k),  respectively. 
We  use  Eq.  (4)  to  write  one-dimensional  integral 
equations  for  these  functions.  If  we  take  the  op¬ 
tical-phonon  energy  as  discrete  and  neglect  the 
acoustic-phonon  energy,  these  integral  equations 
can  be  reduced  to  a  set  of  algebraic  equations 
which  we  solve  numerically.  Once  these  func¬ 
tions  are  determined,  the  absorption  coefficient 
is  calculated  by  numerically  integrating  Eq.  (2). 
The  one-hole  energies  and  the  momentum  matrix 
elements  are  found  from  degenerate  ic  -p  perturba¬ 
tion  theory.*  The  cyclotron-resonance  param¬ 
eters  of  Hensel  and  Suzuki9  were  used. 

The  calculated  values  of  a(/,  u>)  were  compared 
with  the  expression  in  Eq.  (1).  The  numerical  re¬ 
sults  could  be  fitted  by  this  expression  to  an  ac¬ 
curacy  of  about  5%  for  intensities  less  than  25/,. 
(This  is  the  range  of  intensities  which  has  been 
explored  experimentally.)  If  only  the  first  term 
in  Eq.  (5)  is  retained,  the  calculated  a(/,  a>)  has 
precisely  the  form  of  Eq.  (1).  The  second  term 
in  Eq.  (1)  is  smaller  than  the  first;  it  leads  to 
the  small  deviations  of  the  calculated  a  (I,  <*>)  from 
the  expression  in  Eq.  (1). 

For  those  temperatures  and  hole  densities  for 
which  hole-impurity  and  hole-hole  scattering  is 
small  compared  to  phonon  scattering,  the  calcu¬ 
lated  /,  is  independent  of  hole  concentration.  At 
room  temperature,  /,  has  been  found  experimen- 
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FIG.  1.  Saturation  intensity  vs  photon  energy  for  p- 
type  Ge  at  295°K.  Hie  experimental  data  are  from 
Refs.  2,  3,  and  4.  Error  bars  are  given  only  in  Ref.  2. 


tally  to  be  independent  of  hole  concentration  for 
concentrations  less  than  about  4  xl0ls  cm'1.1 

Measurements  of  saturable  absorption  in  p- type 
Ge  have  been  interpreted  in  terms  of  the  inhomo- 
geneously  broadened  two-level  model  which  pro¬ 
duces  Eq.  (1),  and  values  of  I,(u)  are  reported.1*4 
In  Fig.  1,  we  compare  measured  values  of  //«) 
at  room  temperature  as  a  function  of  photon  en¬ 
ergy  with  the  calculated  values.  In  the  range  of 
photon  energies  considered,  /,(<*>)  was  found  to 
increase  monotonically  with  photon  energy.  The 
increase  in  /,( u>)  with  increasing  w  is  primarily 
a  result  of  the  larger  density  of  states  in  the 
heavy-hole  hand  for  the  higher-energy  holes  in¬ 
volved  in  the  optical  transition.  There  is  good 
agreement  between  theory  and  experiment.  There 
are  no  adjustable  parameters  in  the  theory. 

In  Fig.  2,  we  present  the  results  of  a  calcula¬ 
tion  of  the  temperature  dependence  of  f,(w)  for 
light  with  a  wavelength  of  10.6  pm.  /,  increases 
monotonically  with  temperature.  This  increase 
in  1,  with  temperature  is  due  to  the  increased 
rate  of  phonon  scattering  at  higher  temperature. 
Because  of  the  rather  strong  dependence  of  /,  on 
temperature,  it  should  be  possible  to  tune  the 
saturation  behavior  of  p-type  Ge  with  tempera¬ 
ture. 

Many  semiconductors  have  a  valence -band 
structure  which  is  similar  to  that  of  Ge,  and  satu¬ 
ration  of  inter -valence -band  absorption  should  be 
observable  in  these  materials.  In  addition  to  Ge, 
the  effect  has  also  been  observed  in  p-GaAs.1 
The  theory  presented  here  should  apply  for  these 
materials  as  well  as  for  Ge. 
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FIG.  2.  Calculated  saturation  Intensity  vs  tempera¬ 
ture  for  p-type  Ge  and  light  with  a  wavelength  of  10.6 
pm. 

Using  this  theory,  we  can  determine  the  hole 
distribution  as  a  function  of  laser  intensity  and 
frequency.  Knowledge  of  the  hole  distribution 
function  allows  an  interpretation  of  “pump-probe" 
experiments.  In  these  experiments  the  absorp¬ 
tion  of  a  low-intensity  light  beam  (probe)  is  meas¬ 
ured  as  a  function  of  frequency  in  the  presence  of 
a  high-intensity  laser  (pump)  of  fixed  frequen¬ 
cy*,  is- u 

In  conclusion,  we  have  presented  a  theory  of 
the  saturation  of  inter -valence -band  absorption 
in  p- type  Ge.  We  have  found  that  the  saturation 
is  closely  approximated  by  an  inhomogeneously 
broadened  two-level  model.  We  have  calculated 
the  saturation  intensity  as  a  function  of  photon 
energy  and  found  good  agreement  with  experimen¬ 
tal  values.  We  have  predicted  the  dependence  of 
the  saturation  intensity  on  temperature. 

The  authors  thank  R,  N.  Silver  for  many  useful 
discussions.  The  authors  gratefully  acknowledge 
the  support  of  the  Air  Force  Office  of  Scientific 
Research  under  Grant  No.  AFOSR-77-3216.  One 
of  us  (D.L.S.)  acknowledges  support  from  the 
Alfred  P.  Sloan  Foundation. 


'A.  F.  Gibson,  C.  A.  Rostto,  C.  A.  Raffo,  and  M.  F. 
Kimmltt,  Appl.  Phys.  Lett.  21,  356  (1972). 

*C.  R.  Phipps,  Jr.,  end  S.  J.  Thomas,  Opt.  Lett.  I, 
93  (1977). 

*R.  L.  Carlson,  M.  D.  Montgomery,  J.  S.  Ladlsh, 
and  C.  M.  Lockhart,  IEEE  J.  Quantum  Electron.  13, 
ISD  (1977). 

4F.  Kallmann,  IEEE  J.  Quantum  Electron.  12,  592 
(1976). 


1497 


Volume 42, Nuxau 22  PHYSICAL  REVIEW  LETTERS 


28  Mav  1979 


*M.  Sarfent,  IB,  Opt  Comaun.  20,  298  (1977). 

*V.  L.  Komolov,  I.  O.  YaroabetakU,  and  1.  N.  Yaa- 
aievlch,  FI*.  Tekh.  ftjluprovodn.  11,  85  (1977)  tSov. 
Hijra.  Semloond.  11,  48  (1977)1. 

rD.  M.  Brown  and  R.  Bray,  Hiya.  Rev.  127.  1593 
(1962). 

*E.  O.  Kane,  J.  Hijra,  diem.  Solid*  1,  82  (1956). 


*J.  C.  Hen*  el  and  K.  Suzuki,  Fbys.  Rev.  B  9,  4219 
(1974). 

■*P.  J.  Blebop,  A.  F.  Olbaon,  and  M.  F.  Klmmett, 

J.  Ffaya.  D  9,  L101  (1976). 

"F.  Kallmann,  Appl.  Fbya.  14,  29  (1977). 

**F.  Kallmann  and  J.  Kuhl,  IEEE  J.  Quantum  Electron. 
14,  203  (1978). 


1491 


PUBLICATION  #9 


PHYSICAL  REVIEW  B  VOLUME  21,  NUMBER  8  15  APRIL  1980 
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We  present  t  theory  of  the  saturation  of  heavy-hole  to  light-bole  band  absorption  in  p- type 
semiconductors  with  the  diamond  or  tine-blende  crystal  structure  by  high-intensity  light  with  a  wavelength 
near  10  pm.  The  absorption  coefficient  is  found  to  decrease  with  intensity  in  a  manner  closely  approximated 
by  an  inbomogeneously  broadened  two-level  model.  For  temperatures  and  hole  concentrations  where  hole- 
phonon  scattering  dominates  hole-impurity  and  hole-bole  scattering,  the  saturation  intensity  is  independent 
of  the  hole  concentration.  We  calculate  the  saturation  intensity  as  a  function  of  excitation  wavelength  and 
temperature  for  p-Ge  and  p-GaA s.  We  find  that  the  saturation  intensity  increases  with  photon  energy  and 
with  temperature.  The  calculated  results  are  compared  with  the  available  experimental  data  and  good 
agreement  is  found 


I.  INTRODUCTION 

In  many  p-type  semiconductors,  direct  free- 
hole  transitions  between  the  heavy-  and  tight- hole 
bands  are  primarily  responsible  for  the  absorp¬ 
tion  of  light  with  wavelengths  near  10  pm.  At 
high  light  intensities,  absorption  due  to  these 
transitions  has  been  found  to  saturate  in  p-Ge 
(Refs.  1-4)  and  p- GaAs.1  This  saturation  prop¬ 
erty  allows  a  means  of  passively  mode  locking 
a  COj  laser  by  inserting  a  slice  of  p-Ge  or  p-GaAs 
into  the  optical  path  of  the  cavity.  Experiments 
have  demonstrated  that  a  COj  laser  with  p-Ge 
used  as  a  saturable  absorber  can  generate  pas¬ 
sively  mode-locked  pulses  of  subnanosecond  dura¬ 
tion.^  In  this  paper,  we  present  a  theory  of  the 
saturation  behavior  of  heavy-hole  band  to  light- 
hole  band  transitions  in  p- type  semiconductors 
at  high  light  intensities.  We  present  detailed 
numerical  results  for  p-Ge  and  p-GaAs  (the 
materials  in  which  the  effect  has  been  experimen¬ 
tally  observed).  In  a  recent  letter,  we  made  a 
preliminary  report  of  the  results  for  p-Ge.* 

In  previous  work,  saturable  absorption  in  p- 
type  semiconductors  has  been  described  by  model¬ 
ing  the  valence  bands  as  an  ensemble  of  two- level 
systems  whose  level  populations  approach  one 
another  at  high  light  intensities.2"*'*  This  two- 
level  model  predicts  that  the  dependence  of  the 
absorption  coefficient  as  a  function  of  intensity 
is  given  by 

a(/'w,=rr+  3&i)P’  (l) 

where  <*o(w)  is  the  absorption  coefficient  at  low 
intensity,  and  I,(u>)  is  the  saturation  intensity. 

The  behavior  described  in  Eq.  (1)  was  found  to  be 
reasonably  well  satisfied  experimentally,  and 
values  of  /,(<•> )  were  determined.2"*  However, 
attempts  to  calculate  as  a  function  of  photon 


energy  using  the  two- level  model  and  a  multistep 
cascade  relaxation*  gave  results  that  disagree 
with  experiment.2  A  theoretical  discussion  of 
saturable  absorption  in  p- type  Ge  based  on  a 
spherical-parabolic-band  model  has  also  been 
presented.  However,  the  results  of  that  discus¬ 
sion  are  qualitatively  different  than  that  of  Eq.  (1) 
and  are  in  disagreement  with  experiment. 

In  this  paper  we  present  a  theoretical  analysis 
of  the  saturable  absorption  by  considering  the 
initial-  and  final-hole  states  in  the  optical  transi¬ 
tion  to  form  a  continuum  with  the  valence-band 
structure  determined  by  degenerate  k  •  p  perturba¬ 
tion  theory.11  Our  calculated  results  are  in  close 
agreement  with  Eq.  (1),  and  the  values  of  l,<u>) 
deduced  from  the  calculation  are  in  good  agree¬ 
ment  with  experiment.  We  also  determine  the 
dependence  of  on  temperature.  We  present 
detailed  results  for  p-Ge  and  p-GaAs;  however, 
the  theory  should  be  applicable  to  other  semicon¬ 
ductors  with  the  zinc-blende  crystal  structure  as 
well. 

The  paper  is  organized  in  the  following  way: 
in  Sec.  D  we  present  our  theoretical  approach, 
in  Sec.  ID  we  give  the  results  for  p-Ge,  in  Sec. 

IV  we  give  the  results  for  p-GaAs,  and  in  Sec.  V 
we  summarize  our  conclusions.  Calculational 
details  are  included  in  the  Appendices. 

II  THEORETICAL  APPROACH 

In  semiconductors  with  the  diamond  or  zinc- 
blende  crystal  structure,  the  valence-band  maxi¬ 
mum  occurs  at  the  zone  center.12  There  are  six 
bands  (three  sets  of  twofold  degenerate  bands) 
near  the  valence  maximum.  Four  of  the  bands  are 
degenerate  at  4  =  0  and  the  other  two  bands  (degen¬ 
erate)  are  split  off  to  lower  energy  by  the  spin- 
orbit  interaction.  Awty  from  the  zone  center, 
the  bands  degenerate  at  ft  =  0  split  into  2  twofold 


21 


3502 


C  I9g0  The  American  Physical  Society 


21 


SATURATION  OF  I  N  T  E  R  V  A  L  E  N  C  E  B  A  N  D  TRANSITIONS  IN... 


350S 


"1 


£«)  =L  *,>"-«U(k')  -//<k')] ,  (13c) 

rt' 


and 


c(£)  =  £  -/;«')] ,  (i3d) 

where /'(k)  is  the  equilibrium  value  for  the  dis¬ 
tribution  (unction.  The  (unction  £(k)  is  the  dif- 


(erence  in  the  (ending  rate  o(  tree  holes  (rom  the 
equilibrium  (eeding  rate  (or  the  state  with  wave 
vector  k  in  the  heavy-hole  band.  The  (unction 
G(k)  is  analogously  defined  (or  the  light-hole  band. 
[Scattering  into  the  light-hole  band  is  small  be¬ 
cause  of  the  small  density  of  light-hole  states. 

Thus  the  function  G(k)  is  less  important  than  £(k).] 
In  terms  of  the  auxiliary  (unctions,  the  distribution 
(unctions  can  be  written  as 


0<k)r.(k)[/:<k)-/f(k)l  .  F-(k)T,(k)  +  @(k)T,.(k)7‘,(k)ff(k)  +  G(k)l 

/.(k)  =/>(k)  - 1  +  r,fe)l  4 

i 

/,(£)  -fie)  *  ifoii&i zijto)  +  c(k)r,(k)  +  GM 

k>  +  j  -  +  t,®  ]  i+e(S)[T,(fe)  +  r,(B] 


(14a) 


(14b) 


The  difference  in  occupation  probabilities  which 
appears  in  the  expression  for  the  absorption  co¬ 
efficient  is  given  by 

A(k)  (k)  =  j  +  ^^r^Okl+'r,^] 


.  Tt(k)f(k)-r,(k)G(k) 


(IS) 


The  first  term  in  Eq.  (IS)  gives  the  population 
difference  that  would  occur  for  the  states  at  £  if 
the  populations  of  the  states  that  feed  those  at  k 
were  given  by  their  equilibrium  values.  The 
second  term  in  Eq.  (12)  accounts  for  the  change 
in  the  population  of  the  states  that  feed  those  at 
k.  F or  those  values  of  k  which  are  important  in 
the  integral  in  Eq.  (11),  the  first  term  in  Eq.  (15) 
is  found  to  be  significantly  greater  than  the  sec- 
ond. 

Using  Eq.  (12)  and  the  definition  of  the  auxiliary 
functions,  one  can  write  equations  which  deter¬ 
mine  F( k)  and  C( k).  If  there  is  no  angular  depen¬ 
dence  in  the  phonon  scattering  matrix  elements 
which  go  into  the  scattering  rates,  the  functions 
F(k)  and  C(k)  depend  on  £*(k)  and  £t(k),  respec¬ 
tively.  Thus,  one-dimensional  (rather  than  three- 
dimensional)  equations  must  be  solved  to  deter- 


cal- phonon  scattering  is  the  dominant  energy  re¬ 
laxation  mechanism.  The  optical-phonon  spec¬ 
trum  is  relatively  flat  for  small  k  with  an  average 
energy  at  0.037  eV.  For  the  small  k  region  in 
which  we  are  interested,  the  acoustic  phonon  en¬ 
ergy  is  quite  small,  and  we  neglect  it.  Although 
acoustic  phonon  scattering  does  not  contribute 
significantly  to  energy  relaxation,  it  can  change 
the  wave  vector  of  the  hole.  The  valence  bands 
of  Ge  are  rather  aniBotropic  and  an  acoustic  pho¬ 
non  scattering  event  can  take  a  hole  from  a  region 
in  which  £(k)  is  small  to  one  in  which  it  is  large. 
Thus,  although  acoustic  phonon  scattering  is  less 
important  than  optical  phonon  scattering  in  deter¬ 
mining  the  distribution  functions,  it  is  not  negli¬ 
gible  because  of  the  anisotropy  of  the  valence 
bands.  We  take  the  scattering  rates  to  be  given 
by” 


*--»»•=  -**«*> +  *«i> 

+  Tp!ATjJS(£.(k>  -  £,<k')  -  *u>„) 
n 

« 


mine  these  functions.  Our  treatment  of  these 
functions  is  included  in  Appendix  D. 

where 

Of.  CALCULATION  AND  RESULTS  FOR  p-Ge 

(16b) 

In  order  to  calculate  the  difference  in  occupation 
probabilities  for  the  heavy-  and  light- hole  bands, 
it  is  necessary  to  know  the  tree-hole  scattering 
rates.  We  consider  the  region  of  temperature  and 
impurity  densities  lor  which  hole-phonon  scatter¬ 
ing  is  the  dominant  scattering  mechanism.  Opti- 

stl 

II 

? 

(16c) 

and 

(16d) 
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Here  |Af^|*  Is  the  squared  matrix  element  (or 
optical  phonon  emission,  |M^|2  is  the  squared 
matrix  element  for  optical  phonon  absorption,  and 
I  Af„|2  is  the  squared  acoustic  phonon  scattering 
matrix  element  (summed  over  both  absorption  and 
emission  processes).  In  Eq.  (16),  Em  (£„)  is  the 
deformation  potential  tor  optical  (acoustical)  pho¬ 
non  scattering,  Mut  is  the  sone-center  optical 
phonon  energy,  p  is  the  density,  u,  is  the  longi¬ 
tudinal  sound  velocity,  St  is  the  optical  phonon 
Bose  factor,  and  V  it  the  sample  volume.  Follow¬ 
ing  Ref.  19,  we  have  neglected  angular  dependence 
in  the  phonon  scattering  matrix  element  and  taken 
the  Scattering  rates  to  be  the  same  for  the  heavy - 
and  light-hole  bands.  The  numerical  value  for 
the  constants  appearing  in  the  squared  matrix  ele¬ 
ments  were  taken  from  the  mobility  fits  of  Ref. 

20;  they  are  listed  in  Table  I.  The  scattering 
times  Tz(k),  7\(k),  and  T,(k)  are  computed  from 
Eqs.  (6c),  (13a),  and  (13b)  using  these  scatter¬ 
ing  rates.  Optical  phonon  scattering  (primarily 
emission)  dominates  in  the  results  for  7"2(k)  and 
T,( k)  for  the  states  of  interest.  For  T,(k)  in  the 
resonant  region,  optical  phonon  emission  is  typi¬ 
cally  not  possible  and  acoustic  phonon  scattering 
makes  a  significant  contribution  to  T,(k). 

The  tree-hole  energies  E,(k)_and  £,(k)  and  the 
momentum  matrix  elements  !  P,,(k)  I2  are  deter¬ 
mined  by  degenerate  k '  p  perturbation  theory.11 
The  cyclotron  resonance  parameters  of  Hensel 
and  Suzuki21  are  used. 

A.  Fb»t  approximation  for  fk  (IT )  -  /,(C ) 

As  a  first  approximation  for  the  population  dif¬ 
ference  /,(k)-/,(k),  "\e  neglect  the  auxiliary  func¬ 
tions  F(k)  and  G(k)  and  include  only  the  first  term 
in  Eq.  (IS).  This  approximation  is  equivalent  to 
assuming  that  the  rate  at  which  free  holes  are 
scattered  into  the  states  involved  in  the  optical 
transition  is  giver,  by  the  equilibrium  value.  For 
optical  phonon  scattering,  the  energy  of  the  initial- 
hole  state  in  the  scattering  event  differs  from 
that  of  the  final-hole  state  by  the  optical  phonon 
energy.  As  a  result,  hole  states  that  can  scatter 


TABLE  I.  Valence-band  deformation  potentials  used 
In  the  calculation  of  phonon  scattering  rates. 


£.  <eV) 

Em  <eV> 

Ge 

3.5* 

6.8* 

GaAs 

3.6* 

6.5* 

‘Reference  20. 
‘Reference  23. 


into  a  resonant  optical  transition  region  by  opti¬ 
cal  phonon  scattering  are,  for  the  most  part, 
themselves  out  of  the  resonant  region.  Thus,  the 
population  at  these  states  is  not  directly  depleted 
by  the  optical  transitions.  The  population  of  these 
states  is  indirectly  depleted  by  the  optical  transi¬ 
tion  because  there  is  a  decrease  in  the  feeding 
rate  of  these  states  owing  to  the  decrease  in  popu¬ 
lation  of  hole  states  in  the  resonant  region.  How¬ 
ever,  this  decreased  feeding  from  the  resonant 
region  is  partially  compensated  for  by  an  in¬ 
creased  feeding  from  the  rerouting  of  optically 
excited  holes. 

For  acoustic  phonon  scattering,  the  energy  of 
the  initial- hole  state  in  the  scattering  event  is 
essentially  the  same  as  that  of  the  final-  hole 
state.  As  a  result,  hole  states  that  can  scatter 
into  a  resonant  optical  transition  region  by  acous¬ 
tic  phonon  scattering  are,  for  the  most  part,  in 
the  resonant  region  themselves.  Thus,  the  popu¬ 
lation  ot  these  states  is  directly  depleted  by  the 
optical  transitions.  Including  only  the  first  term 
in  Eq.  (15),  therefore,  overestimates  the  impor¬ 
tance  of  acoustic  phonon  scattering.  At  this  level 
of  approximation,  it  is  better  to  ignore  acoustic 
phonon  scattering.  We  will  see  that  this  first 
approximation  for  /,  (k)  ~/,(k)  ignoring  acoustic 
phonon  scattering  produces  results  close  to  that 
of  our  more  complete  calculation. 

Using  only  the  first  term  in  Eq.  (15)  to  deter¬ 
mine  the  population  difference,  the  absorption 
coefficient  becomes 


"'-7?T^¥?  W®  -/KtHlh.®  I'  [5J 


l/[»vTt(k)] 

+  [i/r,0E)f| 


3*  ,cV  «.m2w! 

r,(t)  +  T, t)]r,(B2vei  I  P„(C)  1*  • 


Transforming  to  an  integration  over  surfaces  of  constant  fl(k),  and  assuming  that  the  power-broadened 
Lorentzian  is  sharply  peaked,  Eq.  (17a)  can  be  written  as 
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Here  the  integral  is  aver  a  surface  at  constant 
n(k).  Integrating  Eq.  (18)  numerically,  we  find 
that  the  absorption  coefficient  satisfies  Eq.  (1) 
to  high  accuracy.  Indeed,  if  f(k)  were  indepen¬ 
dent  of  it  over  the  region  of  the  surface  integral, 
Eq.  (18)  would  reduce  to  Eq.  (1)  exactly. 

For  hole  densities  and  temperatures  such  that 
hole- phonon  scattering  dominates  the  hole-impuri¬ 
ty  and  hole-hole  scattering  events,  values  at  f<(u) 
deduced  from  Eq.  (18)  are  independent  of  the  hole 
density.  Experimentally  I,(w)  has  been  found  to 
be  independent  at  hole  density  for  densities  less 
than  4X10U  cm*1  at  room  temperature.1 

B.  Highcr-oider  approximation  for /t(F) -/((F) 

The  auxiliary  functions  F(i)  and  G(k)  are  com¬ 
puted  numerically  as  discussed  in  Appendix  D. 

The  distribution  function  computed  from  these  aux¬ 
iliary  functions  for  k  in  the  [111]  and  [100]  direc¬ 
tions  together  with  their  equilibrium  values  are 
shown  in  Fig.  1.  The  dominant  dip  in  the  heavy- 
hole  distribution  function  and  corresponding  peak 
in  the  light-hole  distribution  function  is  due  to  di- 


F1G.  1.  Calculated  hole  distribution  functions  inp-Ge 
as  a  (unction  of  ft*  for  t  In  the  ( 111)  and  (100)  direc¬ 
tions.  The  calculations  were  performed  for  A«10.6  pm, 
T  •M0*K,  and/  -30  MW/cn1.  The  equilibrium  distri¬ 
bution  Actions  are  shown  tor  comparison.  if,  U  the 

-  ^  n  e  ■  ■ 
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rect  optical  transitions.  Additional  dips  in  the 
heavy-hole  distribution  function  occur  because  of 
the  discrete  energy  of  the  optical  phonons.  The 
increase  in  the  heavy-hole  distribution  compared 
to  the  equilibrium  value  at  large  values  of  *  is 
due  to  scattering  of  the  photoexcited  holes  in  the 
light-hole  band  into  the  heavy-hole  band. 

The  absorption  coefficient  is  calculated  numeri¬ 
cally.  The  calculated  result  for  1=10.6  uta  and 
T  =  205  °K  is  compared  with  the  expression  in  Eq. 
(1)  in  Fig.  2.  The  value  of  1,  used  in  Eq.  (1)  was 
determined  by  fitting  the  calculated  result  for 
or(/,  w).  The  numerical  results  could  be  fit  to  an 
accuracy  at  about  5%  tor  intensities  less  than 
25  times  I,.  (This  is  the  range  of  intensities 
which  has  been  most  frequently  explored  experi¬ 
mentally.)  If  only  the  first  term  in  Eq.  (15)  is 
retained,  the  calculated  <*(/,  u>)  has  almost  exactly 
the  form  at  Eq.  (1).  The  second  term  in  Eq.  (15) 
is  smaller  than  the  first  and  leadB  to  the  small 
deviations  seen  in  Fig.  2. 

Measurements  of  the  saturable  absorption  in 
p- type  Ge  have  been  interpreted  in  terms  of  the 
inhomogeneously  broadened  two-level  model 
which  produces  Eq.  (1),  and  the  values  of  /,(<•>) 
have  been  reported.  In  Fig.  3,  we  compare  mea¬ 
sured  values  of  at  room  temperature  as  a 
function  of  photon  energy  with  our  theoretical 
values.  The  theoretical  values  of  I.(u>)  are  deter¬ 
mined  by  fitting  the  expression  in  Eq.  (1)  to  the 
calculated  results  for  «*(/,  u)  tor  intensities  be¬ 
tween  sero  and  100  MW/cm1.  In  the  range  of  pho¬ 
ton  energies  considered,  J,(w)  was  found  to  in¬ 
crease  monotonically  with  photon  energy.  There 


FIG.  2.  Calculated  absorption  coefficient  normalised 
to  Its  low  intensity  value  as  a  Amotion  of  intensity  for 
y -Ce.  The  calculations  were  performed  for  X-10.6  pm 
and  T  *  295  *K.  The  Inhomogeneously  broadened  two- 
level  modal  result  with/,  >4.1  HW/em'  Is  also  shown. 


3508 


R.  B.  JAMES  AND  D.  L.  SMITH 


2) 


<  ilC  lit  no 

fHCTO  ENtflCi  cm#V) 


FIG.  3.  Calculated  saturation  Intensity  as  a  (unction 
of  photon  energy  forp-Ge  at  295  *K.  The  experimental 
results  are  from  Refs.  2—4.  Erior  bars  are  only  given 
in  Ref.  2. 


is  good  agreement  between  theory  and  experiment. 
There  are  no  adjustable  parameters  in  the  theory. 

The  calculated  results  shown  in  Fig.  3  were 
attained  using  the  higher-order  approximation 
for  /,(k)  -/, (it).  The  results  for  the  first-order 
approximation  are  qualitatively  similar  to  those 
of  the  more  complete  calculation;  the  numerical 
values  of  the  two  calculations  differ  by  an  approxi¬ 
mately  constant  factor.  At  A  =  10.6  nm  and  T 
=  295  °K,  the  more  complete  calculation  gives  a 
value  of  /,  of  4.1  MW/cm2,  the  first-order  cal¬ 
culation  including  acoustic  phonon  scattering  gives 
a  result  at  5.8  MW/cm2,  and  the  first-order  cal¬ 
culation  neglecting  acoustic  phonon  scattering 
gives  a  result  of  3.5  MW/cm2.  Thus  the  first- 
order  calculation  neglecting  acoustic  phonon  scat¬ 
tering  is  within  about  15%  of  the  more  complete 
calculation.  This  result  is  interesting  because 
the  first-order  calculation  is  much  easier  and  less 
expensive  to  perform  than  the  more  complete 
calculation. 

The  increase  in  I,(w)  with  increasing  u>  is  due 
both  to  the  behavior  of  the  scattering  rates  and  the 
optical  matrix  elements.  The  relative  contribution 
at  the  scattering  rates  and  the  optical  matrix  ele¬ 
ments  can  be  most  easily  seen  in  the  first-order 
calculation.  At  this  level  at  approximation,  /,(<•>) 
is  given  by  a  weighted  average  of  id)  [see  Eq. 

(18)1.  The  values  of  Hi)  are  proportional  to  w2, 
7jl(k),  [7\(k)  +  7'I(k>r‘,  and  |P„(k)l*2.  In  Fig. 

4,  the  variation  of  these  (actors  is  illustrated  as 
a  function  of  photon  energy  for  k  in  the  [100]  and 
[111]  directions. 

Since  the  usefulness  of  p- Ge  as  a  saturable  ab¬ 
sorber  in  CO*  laser  systems  is  determined  by  its 
saturation  characteristics,  it  is  of  interest  to  be 
able  to  control  the  saturation  behavior.  Since 
optical  phonon  scattering  is  the  dominant  relaxa¬ 
tion  mechanism,  and  the  optical  phonon  occupation 
is  temperature  dependent,  it  is  clear  that  l^u) 
will  depend  on  temperature.  In  Fig.  5,  we  pre¬ 
sent  the  results  at  a  calculation  of  the  temperature 


PHQTCf.  ENE&GV  ,mev! 

FIG.  4.  Variation  of  the  factors  which  contribute  to 
the  photon  energy  dependence  of/,  (w)  in  our  first  ap¬ 
proximation  for  the  absorption  coefficient  lnp-Ge.  The 
values  of  the  factors  are  normalized  to  their  value  at 
gw '117  meV  (X*  10.6  Mtn).  The  factors  were  computed 
for  T  *  295  *X. 

dependence  of  /,( u>)  in  p- Ge  for  light  with  a  wave¬ 
length  of  10.6  Mm.  /,(u>)  increases  monotonically 
with  temperature.  This  increase  is  due  to  the 
increased  rate  of  phonon  scattering  at  higher  tem¬ 
peratures.  Because  of  the  rather  strong  depen¬ 
dence  of  /,(<»>)  on  temperature,  it  should  be  pos¬ 
sible  to  tune  the  saturation  behavior  of  p- Ge  with 
temperature. 

IV.  CALCULATION  AND  RESULTS  FOR  p-OtAs 
The  dependence  of  the  absorption  coefficient  on 
intensity  in  p-GaAs  can  be  described  by  the  same 
theory  as  in  p- Ge.  We  use  the  cyclotron  reso- 
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FIG.  5.  Calculated  saturation  intensity  as  a  function 
of  temperature  forp-Ge  and  light  with  a  wavelmgtb  of 
10.6  pm. 
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nance  parameters  of  Lawaetz*2  to  determine  tbe 
GaAs  valence-band  structure.  (We  neglect  the 
small  terms  linear  in  k  which  appear  In  the  k  •  p 
perturbation  theory  for  zinc-blende  cyrstals.) 
Hole-phonon  scattering  is  described  as  in  Ge;  the 
deformation  potential  parameters  are  taken  from 
Ref.  23  and  are  listed  in  Table  1.  We  neglect  the 
small  splitting  between  the  sone-center  LO  and 
TO  phonons  and  take  an  average  optical  phonon 
energy  of  34.3  meV.  The  Input  parameters  that 
we  use  for  GaAs  are  not  as  accurately  known  as 
those  for  Ge. 

Oir  calculations  of  the  intensity  dependence  of 
the  absorption  coefficient  give  a  result  that  is 
numerically  close  to  the  inhomogeneously  broad¬ 
ened  two-level  model  result  of  Eq.  (1).**  In  Fig.  6, 
we  compare  the  calculated  result  for  A  =  10.6  p  m 
and  T  =295  °K  with  Eq.  (1).  As  for  Ge,  the  small 
difference  between  the  calculated  result  and  in¬ 
homogeneously  broadened  two- level  model  result 
comes  from  the  second  term  in  Eq.  (15). 

In  Fig.  7,  we  show  the  theoretical  results  for 
I/u)  as  a  function  of  photon  energy  at  room  tem¬ 
perature.  The  theoretical  results  are  determined 
by  fitting  the  expression  in  Eq.  (1)  to  the  calcula¬ 
ted  results  for  «*(/,  u>)  for  intensities  between  zero 
and  100  MW/cm2.  The  results  for  /,(u>)  are  qual¬ 
itatively  similar  to  those  for  Ge  except  that  I,{u) 
is  uniformly  larger  in  GaAs  than  in  Ge.  The 
values  of  t,(u)  are  larger  in  GaAs  than  in  Ge  pri¬ 
marily  because  the  hole-phonon  scattering  times 
are  shorter  in  GaAs.  The  scattering  times  are 
shorter  in  GaAs  because  the  heavy-hole  effective 


FIG.  6.  Calculated  absorption  coefficient  normalized 
to  Its  low-intensity  value  as  a  function  of  intensity  for 
p -GaAs.  The  calculations  were  performed  for  A*10.6 
am  and  T  *295*K.  The  inhomogeneously  broadened 
two-level  model  result  with/, *22  MW/cm1  is  also 
shown. 


FIG.  7.  Calculated  saturation  intensity  as  a  function 
of  photon  energy  for  p  -GaAs  at  295 ‘K. 

mass  is  larger  in  GaAs,  and  as  a  result  the  den¬ 
sity  of  final  scattering  states  is  larger  in  GaAs. 

Saturation  of  intervalence-band  absorption  in 
p-GaAs  has  been  observed  in  one  experiment  in  p- 
GaAs.1  A  saturation  intensity  of  /,  =  20  ±  5  MW/ 
cm2  at  A  =  10.6  pm  and  room  temperature  was  re¬ 
ported.  However,  these  measurements  were 
performed  over  a  relatively  small  range  of  inci¬ 
dent  intensities  and  were  interpreted  in  terms  of  a 
homogeneously  (rather  than  an  inhomogeneously) 
broadened  two-level  model.  11  the  results  had 
been  interpreted  in  terms  of  the  inhomogeously 
broadened  two-level  model  (which  we  believe 
would  have  been  more  correct),  a  smaller  value 
of  1,  would  most  likely  have  been  attained. 

In  Fig.  8,  we  present  the  results  of  a  calcula¬ 
tion  of  the  temperature  dependence  of  the  satura¬ 
tion  intensity  at  A=  10.6  pm  in  p-GaAs.  As  for 
Ge,  l,  is  an  increasing  function  of  temperature 
owing  to  the  increased  phonon  scattering  rates  at 
higher  temperature. 

V.  SUMMARY  AND  CONCLUSIONS 

We  have  presented  a  theory  of  saturation  of 
heavy-  to  light-hole  band  transitions  in  p-type 
semiconductors  with  the  diamond  or  zinc-blende 
crystal  structure.  Detailed  calculations  have 


TEMPERATURE  (*•<) 

FIG.  8.  Calculated  a  alu  ration  intensity  as  a  function 
of  temperature  for  p -GaAs  and  light  with  a  wavelwigth 
of  10.6  pm. 
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been  presented  for  p~ type  Ge  and  GaAs.  We 
found  that  the  intensity  dependence  o l  the  absorp¬ 
tion  coefficient  is  closely  approximated  by  an  in- 
homogeneously  broadened  two- level  model.  For 
the  temperature  and  concentration  range  where 
hole-phonon  scattering  dominates  hole-impurity 
and  hole-hole  scattering,  f,  is  found  to  be  inde¬ 
pendent  of  the  hole  density.  This  behavior  is  con¬ 
sistent  with  experimental  results.  The  dependence 
of  the  saturation  intensity  on  photon  energy  has 
been  computed  and  compared  with  available  exper¬ 
imental  results.  Good  agreement  between  theory 
and  experiment  was  found.  We  have  predicted  the 
dependence  of  the  saturation  intensity  on  tempera¬ 
ture. 
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APPENDIX  A:  FREE-HOLE  DENSITY  MATRIX 
In  this  appendix  we  outline  the  derivation  of 
Eqs.  (6a)-(6c)  for  the  hole  density  matrix.  We 
consider  the  low-hole  density  limit  and  take  the 
Hamiltonian  to  be  given  by  Eq.  (2).  The  density 
matrix  p(0  satisfies 


dp 

it  ~ 


(Al) 


We  assume  that  p  can  be  approximated  by 

p(0  *  o< t)PL  ,  (A2) 

where  ait)  is  the  tree-hole  density  matrix,  and 

Pt  describes  the  lattice  in  thermal  equilibrium. 

Using  standard  approximations, one  finds 

</>,*,</>) 

-p  f  At'  Tri  [l',(0,  (•'/(/'),  0/(t)Pil]- 

(A3) 

Here  the  subscript  1  signifies  that  an  operator  is 
in  the  interaction  representation,  and  Trt  signi¬ 
fies  a  trace  over  lattice  modes. 

From  Eq.  (A3),  one  can  see  that  ait )  is  diagonal 
in  wave  vector.  Prior  to  laser  excitation,  ait) 
has  the  equilibrium  value  which  is  diagonal  in 
wave  vector.  Taking  matrix  elements  of  Eq.  (A3), 
we  see  that  the  time  derivative  of  any  matrix 
element  of  da,(t)/dt  which  is  off-diagonal  in  it  is 
equal  to  a  sum  of  terms,  all  of  which  are  propor¬ 
tional  to  a  matrix  element  of  a,(t),  which  is  off- 
diagonal  in  k.  Thus  when  the  equation  is  inte¬ 
grated  in  time,  all  off-diagonal  in  k  matrix  ele¬ 
ments  of  o,(t)  vanish.  This  result  is  to  be  expec¬ 
ted  since  the  electromagnetic  field  leads  to  tran¬ 
sitions  between  states  with  the  same  wave  vector. 
Taking  matrix  elements  of  Eq.  (A3),  dropping 
nonresonant  terms  and  returning  to  the  Schro- 
dinger  representation  gives  Eq.  (6). 


APPENDIX  B:  EQUATIONS  OF  MOTION  FOR  J\lT> 

In  this  appendix  we  derive  Eq.  (7).  Multiplying  Eq.  (6b)  by  P',  taking  the  time  derivative  and  tracing 
over  bands  gives 

-Jp TiJiKE,  OP']  ♦  j-t  Tr»[o(k,  OP']  =-  p  Tr,(^|i>  [?',  H, ])  .  (I 

We  have  used  the  facts  that  a,  P',  V,  and  H,  are  all  diagonal  in  k  and  hence  can  be  cyclically  permuted 
in  the  trace  on  bands  and  that  [P',  >]  vanishes.  Using  Eq.  (6b),  we  can  write 


iTr*(^2dHil*’.//‘])=--jP  TreM**  0C(*f«  ♦  >),  (Jf«,  P']J}-  Jg-  Trjod,  OP'] 

-  Tr*[<Kk,0P']  .  (B2> 

Thus  Eq.  (Bl)  becomes 

p  Tr.lofk.OP']  +  -■  Tr»[o(k,  OP']  +  (j^j  Tr»Wk,  OP']  =  -p  Tr.Uk,  0[(ff,  4  r),  |tf„  P'l]}  . 


(B3) 
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Evaluating  the  trace  on  the  right-hand  side,  multiplying  by  {Nte/tn ),  and  neglecting  [l/T2(k>f  compared 
with  (fl(k)]2  gives  Eq.  (7). 

APPENDIX  C:  EQUATIONS  OF  MOTION  FOR  THE  DISTRIBUTION  FUNCTIONS 

In  this  appendix  we  derive  the  equations  (or  the  distribution  (unctions /,(k)  and  /, (k).  Multiplying  Eq. 

(6b)  by  (\eP'/m)  and  talcing  the  trace  over  bands  gives 

«  £j(k)+-jr^J<*)=-^f)(k)  E  [oM  (k,/)P,*(k)-o,.,(ktrtPI,.(k)).  (Cl) 

ft' IB  i 

Using  Eq.  (Cl)  and  neglecting  [l/T2(k)j  compared  with  u>,  Eq.  (6a)  can  be  written  as  (with  6  in  the  heavy- 
hole  band) 

*>-**-*/.«'.«].  (C2) 

With  6  in  the  light-hole  band,  Eq.  (6a)  can  be  written  as 

=  2A'„Jrn(g)(l J(J)  ‘ X)  -£  (C3) 

Assuming  3(k)  and  A  have  sinusoidal  time  dependence  and  averaging  over  many  cycles,  one  gets  the 
steady- state  rate  equations  o(  Eq.  (12). 


APPENDIX  D:  AUXILIARY  FUNCTIONS  F(C»  AND  G<f  > 

In  this  appendix  we  describe  our  treatment  of  the  auxiliary  (unctions  £(k)  and  G(k).  From  the  de(inition 
o (  these  functions,  we  see  that  when  the  phonon  scattering  matrix  elements  are  approximated  as  indepen¬ 
dent  of  the  scattering  angle,  £( k)  depends  on  £,(k),  and  G(k)  depends  on  £,(k).  Using  the  definitions  o( 
£(k)  and  G(k)  and  Eqs.  (12a)-(12c)  for  the  distribution  functions,  £(£,(k))  is  seen  to  be  determined  by 

F(£.(k)>=  £  [  -  r.(k')  +  «1f-,frI(k')H[/;(k')-/T(k')]  +  fiE.fihir.tih 

-  G(£,(k'))T((k')}  ^(£.)[T)i(j*.f+  r,(t')]+l 

+ZI^,f-.»^»(k’))r,(k')+L  £li.,ic(£i(K))7',(k'),  (Di) 

»•  i' 

and  G(£,(k))  is  determined  by  a  similar  equation  where  {hi)  in  the  scattering  rates  is  replaced  by  ()k). 

The  t"jiction  G(k)  describes  the  increased  (from  the  equilibrium  value)  scattering  into  the  light-hole  band 
states.  Because  of  thermal!  density  at  light-hole  band  states,  the  magnitude  of  this  function  is  much 
smaller  than  that  of  £(k).  In  addition  T,(k)  is  much  greater  than  r,(k).  Thus  in  Eq.  (Dl),  we  neglect 
7,(k)G(k)  compared  with  T„(k)F(k).  We  have  explicitly  checked  the  self-consistency  of  this  approximation 
at  the  end  at  the  calculation. 


Equation  (Dl)  is  an  inhomogeneouB,  linear  inte¬ 
gral  equation.  Because  of  the  energy  conserving 
6  functions  in  the  phonon  scattering  rates,  it  re¬ 
duces  to  algebraic  equations  relating  £(£,( k))  at 
different  values  of  £,(k).  The  term  proportional 
to  Kii'.)tF(£|,(k')X  however,  is  responsible  for 
coupling  the  equation  for  F(£,(k))  to  those  for  all 
other  values  of  £,(k').  (In  other  terms,  the  equa¬ 
tion  tor  £(£,(k))  is  only  ^coupled  to  those  for 
£(£,( k)  +  Ru>0)  And  F(£*(k)  -  *»>,)].  To  overcome 
this  difficulty,  we  approximate  the  first  term  on 
the  right-hand  side  at  Eq.  (Dl),  which  can  be 
written  as 


E[-£,f-,tr,(k')  +  £,f..„-T,(k')] 

k' 

*0(k')[/,(k') -/,(£')), 
by 

k')  +  £|,'-*i7,(k')] 

xfi&H/J S')-/.(k')]‘,  (D2) 

where  l/,(k')  -/i(k')]1  is  the  first  approximation  to 
A(K') -/,(£');  that  is,  the  first  term  in  Eq.  (15). 
Here  X  is  a  function  of  Kw,  T,  and  /,  but  is  as- 
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sumed  independent  of  £* **(*).  We  determine  X  by 
requiring 

l4')[/,(k')-/,(k'l| 

i' 

=x£d(k')l/»(k') -/,(£')]'.  (D3) 

f 

Since  scattering  to  the  light-hole  band  is  much 
slower  than  scattering  to  the  heavy-hole  band 
(owing  to  the  small  density  of  states  in  the  light- 
hole  band); 

£  =  1 .  (D4) 

k  k 

Thus  Bq.  (D3)  assures  that  the  integral  of  the 
positive  and  negative  parts  of  Eq.  (D2)  are  sepa¬ 
rately  satisfied.  We  solve  the  equation 

f(£,( k))=x£  l  -  r„(k')  + 

T 

x3(k')[/»(k')-/,(k')]‘ 

+L«»t'-»f^(£,(k'»T,(k').  (D5) 

S' 


which  is  a  series  of  inhomogeneous  linear  alge¬ 
braic  equations.  We  truncate  the  series  for  £„(k) 
>  400  meV.  [/'(£,(ic))  is  negligible  for  these  high 
energies.]  We  first  find  the  solution  for  X  =  1. 
Calling  the  result  of  this  calculation  F',  F  is 
given  by  XF'.  We  determine  X  from  Eq.  (D3) 
which  reduces  to 


X  =  l+  • 


f  ds  I  P„,(k)  :2Tl,{k)F1(El,{k)) 

.  *  I  ( l  +  ///(grp-. 

•  f  ds[/:(R)-/|(fe)]lf».,(li):rf 

I  I [  1  + //f(k)],/!  J 


(D6) 


In  order  to  limit  the  numerical  expense,  we  ap¬ 
proximate  the  surface  integrals  in  Eq.  (D6)  using 
the  four-point  prescription  suggested  by  Kane.11 

From  Eqs.  (11)  and  (D3),  we  see  that  the  func¬ 
tion  X  relates  the  absorption  coefficient  calculated 
in  the  first  approximation  to  the  result  of  the 
more  complete  calculation  by 

a(l,  u>)=Xal{l,  w),  (D7) 

where  or*(/,  u>)  is  given  by  Eq.  (18). 
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DEPENDENCE  OF  THE  SATURATION  INTENSITY  OF  p-TYPE  GERMANIUM 
ON  IMPURITY  CONCENTRATION  AND  RESIDUAL  ABSORPTION  AT  10.59  urn 

R.  B.  Janes  and  D.  L.  Smith 
California  Institute  of  Technology 
Pasadena.  California  91125 

(Received  5  November  1979  by  H.  Suhl) 

We  present  a  calculation  of  the  saturation  intensity  I  of  p-Ge  at  10.59 
Urn  as  a  function  of  the  impurity  concentration.  The  effect  of  residual 
absorption  Is  calculated  and  found  to  be  important  in  the  interpretation 
of  experiments  for  intensities  much  greater  than  I  . 


The  absorption  of  light  in  p-type  Ge  has 
been  shown  to  saturate  at  sufficiently  high  in¬ 
tensities  at  wavelengths  near  10  urn. (1-3)  This 
behavior  has  been  analyzed  by  modeling  the  Ge 
valence  band  structure  as  an  ensemble  of  two- 
level  absorbers(^) .  Recently,  the  saturation 
characteristics  of  p-Ge  were  described  by  the 
authors  in  a  way  which  realistically  accounts 
for  the  anisotropic  and  nonparabolic  valence 
bands  and  which  is  in  close  agreement  with  ex¬ 
periment  (5-6) .  goth  calculations  are  valid  only 
over  a  restricted  range  of  inpurity  concentra¬ 
tions.  In  this  letter,  we  extend  the  range  of 
doping  concentrations  by  including  the  effects 
of  hole- impurity  and  hole-hole  scattering.  We 
also  investigate  the  effects  of  residual  ab¬ 
sorption. 

The  dominant  absorption  mechanism  at  room 
temperature  for  light  having  a  wavelength  of 
10.59  pm  has  been  shown  to  be  ditec t  transitions 
between  the  heavy-hole  band  and  the  light-hole 
band(’).  Absorption  due  to  this  process  is 
saturable,  and  the  decrease  in  the  absorption  co¬ 
efficient  with  increasing  Intensity  is  approxi¬ 
mately  given  by (2-4) 


a  (id) 

Opdptt)  -  - 2 -  ,  (1) 

/1+I/Ifi(uj) 

where  a  is  the  absorption  coefficient  at  low  in¬ 
tensity  due  to  direct  free-hole  transitions, 
Oq(Ivu>)  is  the  absorption  due  to  direct  transi¬ 
tions  as  a  function  of  intensity,  and  Ig(u))  1* 
the  saturation  intensity. 

The  theory  of  the  saturable  absorption  of 
p-Ge  previously  presented  by  the  authors  in¬ 
cludes  only  the  carrier-phonon  scattering  mecha¬ 
nism  in  determining  the  energy  and  phase  relaxa¬ 
tion  of  the  hole  carriers^-®) .  We  now  present 
a  calculation  of  the  saturation  behavior  which 
also  allows  for  the  interaction  of  the  excited 
holes  with  ionized  impurities  and  with  other 
free  holes.  We  consider  only  uncompensated 
sample**  of  p-Ge  where  the  acceptors  are  all 
shallow  and  ionized  at  room  temperature  condi¬ 
tions. 

The  scattering  rate  for  a  hole  with  energy 
C  by  singly  ionized  Impurities  is  given  by 


4 

xe 


NT  tn(l+62)-  -L— ] 
1+6 


(2a) 


where 


2Km*k  T 

- TT  E 

itNje  V 


(2b) 


* 

K  is  the  dielectric  constant,  m  is  the  free- 
carrier  effective  mass,  k  is  the  Boltzmann  con¬ 
stant,  and  N.  is  the. total  concentration  of 
ionized  impurities' 

Following  Ref.  (9),  the  rate  of  hole-hole 
scattering  for  a  hole  with  energy  e  is  given  by 


hh 


2/2  Ti  l^e4! 
R2  t3/2^ 


where 

X  -  1  +  In  (~  ("K-*,) 


2„V 


(3a) 


(3b) 


The  calculation  of  I  at  different  im¬ 
purity  concentrations  is  performed  using  the 
theory  presented  in  Ref.  (6),  where  the  calc 1 1- 
tion  of  scattering  rates  is  modified  to  incluo. 
hole-impurity  and  hole-hole  scattering  in  addi¬ 
tion  to  carrier-phonon  scattering'101.  The  in¬ 
clusion  of  hole  scattering  by  ionized  impurities 
and  other  holes  causes  an  increase  in  the  scat¬ 
tering  rate  of  the  free  holes  and  introduces  a 
concentration  dependence  in  the  saturation  in¬ 
tensity.  The  result  of  incressing  the  scat¬ 
tering  rates  is  that  higher  intensities  are 
required  to  reduce  the  free-hole  population  in 
the  heavy-hole  band  at  the  resonant  region, 
since  the  excited  holea  can  re-route  at  a  faster 
rate. 

The  calculated  values  of  I  as  a  function  of 
the  impurity  concentration  are  Jlven  in  Fig.  (1) 
for  250,  300  snd  350°K.  We  note  that  I  is  sub¬ 
stantially  independent  of  hole  concentrations 
for  concentrations  less  than  about  3xl01^c®“ 1 , 
that  Is,  In  the  region  where  the  hole-phonon 
scattering  mechanism  is  dcmlnant.  Fpr  hole  con¬ 
centrations  greater  than  a)-*’C  3x1015cb”  ,  the 
saturation  intensity  begins  to  increase  won o- 
tonically  with  incressing  hole  concentration  due 
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Figure  1.  Calculated  values  of  the  saturation 
Intensity  1  vs  the  hole  concentration  for  p-Ge 
with  light  Saving  a  wavelength  ot  10.59  pm. 

Values  of  1  vs  N  are  shown  for  250,  300  and 
350°K.  Thesdashea  line  in  the  figure  repre¬ 
sents  a  calculation  of  I  assuming  hole- impurity 
and  hole-hole  scatterlngEto  be  negligible  com¬ 
pared  to  hole-phonon  scattering.  The  solid  line 
in  the  figure  represents  a  calculation  of  I 
which  Includes  hole-lmpurlty,  hole-hole,  anS  hole- 
phonon  scattering  mechanisms. 


to  the  Increased  scattering  rate  of  the  free 
holes  participating  In  the  optical  interaction. 
For  hole  concentrations  less  than  about  3.5x10*5 
cm “5,  measured  values  of  1  at  room  temperature 
have  been  found  to  be  independent  of  hole  con¬ 
centrations  (*)  with  a  value  of  about  4  MWcm  , 
(2-4)  which  Is  consistent  with  our  calculation. 

For  a  fixed  Impurity  density,  we  find  that 
I  increases  with  increasing  temperature.  This 
increase  is  predominantly  due  to  the  increase  in 
the  hole-phonon  scattering  rate  at  the  higher 
temperatures The  fractional  increase  in 
I  with  increasing  impurity  density  is  smaller 
for  the  larger  temperatures.  The  decrease  in 
the  impurity  concentration  dependence  at  higher 
temperatures  occurs  because  the  hole-impurity 
and  hole-hole  scattering  mechanisms  become  leas 
important  compared  to  hole-phonon  scattering  as 
the  temperature  is  increased. 

Thus,  depending  on  the  Intended  application 
of  the  saturable  absorber,  we  predict  that  at  a 
fixed  temperature  one  can  control  the  saturation 
characteristics  by  controlling  the  doping  con¬ 
centration.  In  addition,  knowledge  of  the  effect 
of  the  doping  concentration  on  the  saturation  In¬ 
tensity  Is  useful  In  Interpreting  Independent 
experimental  results  where  the  transmission  ex¬ 


periments  are  performed  In  samples  of  different 
resistivities. 

The  effect  of  the  residual  absorption  pro¬ 
duces  deviations  of  ‘l)/a(I«0)  from  the  form 
given  in  Eq.  (1).  Thl <  deviation  may  be  signifi¬ 
cant  for  I  »  I  owing  to  the  decrease  in  the 
direct  lntervallnce  band  absorption  compared  to 
the  nonsaturable  absorption.  The  important 
residual  (nonsaturable)  absorption  mechanisms 
are  lattice  absorption  and  Indirect  free-hole 
transitions.  Measured  values  of  the  lattice 
absorption  yield  a  *  0.013  cm-  at  room  tempera¬ 
ture^**.  The  absorption  coefficient  a  (ui) 
due  to  indirect  free-hole  transitions  is  approxi¬ 
mated  by 
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where  u  Is  the  frequency  of  the  light,  n  is  the 
refractive  Index,  and  t  Is  the  average  scattering 
time  of  the  carriers  determined  by  mobility  data 
(*2).  The  Intravalence  band  absorption  croj^  2 
section  estimated  from  Eq.  (4)  Is  about  10  cm  . 

The  total  absorption  coefficient  at  10.59 
Urn  can  be  written  as: 
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where  I  has  a  calculated  value  of  about  4  MW/cn 
for  a  h8le  concentration  of  (5-6)  ^ 

The  effect  of  a  nonzero  Op  and  in  Eq.  (4)  is 

Illustrated  In  Fig.  <2)  for  N  -  2x1015cb"3, 
where  values  of  a(I)/a(l*0)  are  plotted  aa  a 
function  of  Intensity.  Values  of  a(I)/a(I“0) 
are  shown  for  Intensities  ranging  up  to  1  GW/cb  , 
which  correaponds  to  the  esciaaced  optical  damage 
threshold^).  For  this  value  of  N,  ,  a  “1.20  cm“% 
Ot“0.02  ca~^ ,  and  ci  -0 . 013  cm*  .  The  values  of 
aCl)/a(X«o)  for  cl,  •  a  »  0  are  also  shown  for 
comparison.  The  inclusion  of  residual  absorp¬ 
tion  effects  becoaes  laportant  for  I  »  1  and 
produces  significant  deviations  of  a(I)/atl-0) 


froB  the  fora  of  Eq.  (1).  A  deviation  has  been 
aeasured  for  I  2  200  HW/cm,  which  is  consistent 
with  our  predictions;  however,  other  effects 
aay  also  be  contributing  to  the  deviation  as  dis¬ 
cussed  in  Ref.  (6). 

In  conclusion,  we  have  calculated  the  satura¬ 
tion  intensity  as  a  function  of  the  doping  con¬ 
centration.  He  have  presented  the  results  of  the 
dependence  of  the  residual  absorption  on  the 
calculation  of  the  absorption  coefficient  and 
found  that  the  effect  is  important  for  intensities 
greater  than  about  30  tlaes  Ig. 
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Figure  2.  Calculated  values  of  the  absorption 
coefficient  a(I)/a(I“0)  vs  intensity  for  a  hole 
concentration  of  2x1013cb*3  and  light  having  a 
wavelength  of  10. 59  pm.  The  solid  line  in  the 
figure  represents  the  calculated  values  assuming 
no  residual  absorption.  The  dashed  line  in  the 
figure  represents  the  calculated  values  assuming 
a  residual  (non-saturable)  absorption  due  to 
lattice  absorption  and  indirect  free-hole  transi¬ 
tions.  The  upper  curves  show  values  of  a(I)/o(I~0) 
for  intensities  in  the  range  of  1  -  100  MW/cm  , 
and  the  lower  curves  are  for  intensities  ranging 
from  100-1000  MW/ cm2. 
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We  present  the  results  of  a  theory  describing  the  saturation  behavior  of  />-type  semiconductors, 
such  as  Si,  with  small  spin-orbit  splittings  by  high  intensity  light  with  a  wavelength  near  10  ftm. 

We  consider  absorption  due  to  direct  intervalence-band  transitions  between  the  heavy-bole  and 
light-hole,  heavy-hole  and  split-oif,  and  light-hole  and  split-off  bands.  The  functional  form  for  the 
saturation  of  each  transition  is  given  and  values  for  the  saturation  intensity  as  a  function  of  photon 
energy  and  temperature  are  reported. 

PACS  numbers:  78.50.Ge,  42.10.Ke 


I.  INTRODUCTION 

In  a  previous  publication1  we  presented  the  results  of  a 
theory  describing  the  saturable  absorption  of  several  p~ type 
semiconductors  for  light  having  a  wavelength  in  the  9-1 1 
ftm  region,  which  corresponds  to  the  C02  laser  spectrum. 
The  dominant  absorption  mechanism  is  intervalence-band 
transitions  where  a  free-hole  in  the  heavy-hole  band  absorbs 
a  photon  and  makes  a  direct  transition  to  the  light-hole 
band.  The  absorption  due  to  this  mechanism  has  been  shown 
to  be  saturable  in  Ge2"5  and  GaAs.2  Results  of  the  theory 
have  been  presented  for  most  of  the  Group  IV  and  II1-V 
semiconductors  for  which  the  spin-orbit  splitting  was  large 
compared  to  the  energy  of  the  incident  photon.  However,  for 
materials  such  as  Si,  where  the  spin-orbit  splitting  is  less  than 
the  photon  energy,  one  must  generalize  the  theory  to  include 
transitions  from  the  heavy-hole  to  light-hole  band,  the 
heavy-hole  to  split-off  band,  and  the  light-hole  to  split-off 
band.  In  this  paper,  we  consider  the  saturation  properties  of 
Si  and  InP,  GaP  and  A1P  which  also  have  small  spin-orbit 
splittings. 

The  absorption  coefficient  for  these  materials  in  the  9- 
1 1  ftm  region  can  be  written  as 

a  =  ap  +  a*__,  +  (1) 

where  a,  is  the  residual  absorption  due  to  phonons,  a*_, 

(ear* _ ,)  is  the  absorption  coefficient  due  to  direct  heavy -hole 

to  light-hole  (split-off)  band  transitions,  and  a^,  is  the  ab¬ 
sorption  coefficient  due  to  direct  light-hole  to  split -off  band 
transitions.  The  effect  of  lattice  absorption  depends  on  the 
wavelength  of  the  light  and  the  temperature  of  the  material. 
Lattice  absorption  at  9.6  ftm  requires  the  cooperation  of  at 
least  three  phonons  to  conserve  energy  and  is  therefore 
small.  In  Si,  two-phonon  absorption  is  energetically  possible 
for  a  wavelength  of  10.6 /rm.  The  absorption  of  light  by  the 
creation  of  phonons  can  be  included  in  a  straightforward 
way,  since  this  process  is  nonsaturable  and  just  adds  a  residu¬ 
al  absorption  term*  In  this  paper,  we  analyze  the  saturable 
absorption  due  to  the  direct  intervalence-band  transitions. 

The  paper  is  organized  in  the  following  way:  in  Sec.  II 
we  describe  the  theoretical  approach,  in  Sec.  Ill  we  present 
the  results  of  the  calculation,  and  in  Sec.  IV  we  summarize 
our  conclusions. 


II.  THEORETICAL  APPROACH 

in  previous  work  we  have  given  an  expression  to  deter¬ 
mine  the  decrease  in  the  absorption  coefficient  with  increas¬ 
ing  intensity  when  only  the  heavy-hole  and  light-hole  bands 
were  involved  in  the  optical  transition.17-8  Analogous  ex¬ 
pressions  can  be  written  for  direct  transitions  between  the 
heavy-hole  and  split-off  bands  and  between  the  light-hole 
and  split -off  bands.  In  order  to  numerically  integrate  the 
expressions  for  aA_,,aA_t  and  a,_,,  we  must  calculate  the 
steady-state  distribution  functions  in  each  band  as  a  function 
of  intensity  for  each  wave  vector  k.  If  we  assume  that  the 
three  direct  optical  transitions  are  uncoupled,  then  the  ab¬ 
sorption  due  to  each  resonant  transition  can  be  independent¬ 
ly  analyzed.  That  is,  we  can  determine  the  saturation  charac¬ 
teristics  for  and  a,__,  independently  using  the 

theory  previously  presented.  Here,  we  assume  that  the  modi¬ 
fication  in  the  distribution  function  of  free  holes  due  to  one 
particular  resonant  transition  between  two  valence  bands  in 
k  space  does  not  strongly  affect  the  distribution  of  free  holes 
in  the  resonant  regions  for  the  other  transitions.  This  as¬ 
sumption  is  made  in  order  to  limit  the  numerical  expense 
involved  in  the  calculation  of  the  distribution  functions  for 
each  band;  however,  a  more  exact  calculation  can  be  per¬ 
formed  provided  new  experimental  evidence  becomes  avail¬ 
able  to  justify  the  additional  complexity  in  the  calculation. 
We  present  the  calculation  to  qualitatively  characterize  the 
saturation  behavior  of  these  materials  and  determine  if  the 
saturation  properties  are  of  sufficient  interest  to  warrant  ad¬ 
ditional  experimental  investigation. 

In  Ref.  8  we  find  that  is  given  by 
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and 

W 

Here,  is  the  rate  at  which  a  hole  in  band  a  with  wave 

vector  k  is  scattered  into  a  state  in  band  b  with  wave  vector 
k\  l  is  the  intensity  of  the  light,  is  the  density  of  holes,  the 

subscripts  h  (/ )  designate  the  heavy-  (light-)  hole  band,  m  is 
the  free-elect ron  mass,  ho  is  the  photon  energy,  (.  is  the 
high-frequency  dielectric  constant,  |pw(k)|J  is  the  squared 
momentum  matrix  element  between  the  Bloch  states  in  the 
heavy-  and  light-hole  bands  (summed  over  the  two  degener¬ 
ate  states  in  each  band),  /J*,|k)  is  the  angular  frequency  asso¬ 
ciated  with  the  energy  difference  (e»  |k)e,(k)),  where  e,(k)  is 
the  energy  of  the  hole  with  wave  vector  k  in  band  i,  and  f'{ k) 
is  the  probability  that  a  hole  state  with  wave  vector  k  is  occu¬ 
pied  in  band  i  in  thermal  equilibrium.  The  integral  in  Eq.  (2) 
is  calculated  over  a  surface  of  constant  /?*,(k).  Analogous 
expressions  are  written  for  a»_,  and  a,_, .  The  method  used 
for  determining  the  momentum  matrix  elements  |p*,(k)|5, 
|P*.(k)l2.  s»d  |pjk)j2  is  described  by  Kane.4  The  one-hole 
energies  are  determined  by  degenerate  k-p  perturbation 
theory.4 

We  consider  hole  densities  such  that  hole-phonon  scat¬ 
tering  is  the  dominant  scattering  mechanism.  If  we  assume 
that  the  mobility  data  can  be  explained  by  acoustic  and  non¬ 
polar  optical  phonon  scattering,  then  the  valence-band  de¬ 
formation  potential  parameters  can  be  chosen  so  that  the 
temperature  dependence  of  the  mobility  agTees  with  the  ex- 
- 1 


TABLE  I.  Parameters  used  in  determining  the  valence-band  deformation 
potential  parameter!.  The  hole  mobility  it  fiver  at  room  temperature  in 
units  of  em’/V  sec  Values  of  {  are  given  in  units  of  eV1  cm  secVgm 


Cyclotron  A  { 

Material  o  mj/m0  m‘/m0  0  resonance  (meV)  (xlO"l 

parameters 


Si 

410* 

0.53* 

0.16* 

730* 

Ref 

13 

44.0* 

371 

InP 

154* 

0.85* 

0.089* 

498* 

Ref. 

13 

130.0' 

2.52 

GaP 

ISO* 

0.79* 

0.14* 

582* 

Ref 

13 

80.0* 

3.59 

A1P 

4» 

0.63* 

0.2<P 

719* 

Ref 

13 

50.0* 

2.53 

‘Reference  12. 
‘Reference  13. 
‘Reference  14. 
‘Reference  15. 
•Reference  16. 
•Reference  17. 
•Reference  IS. 
‘Reference  19 
'Reference  20. 


perimental  results.  Using  the  results  of  Ref.  ( 1 0),  we  write  the 
mobility  p  as 

=  2s/V"drfr+r*/2\ ]  ‘  ' 

**  S^TpAl  +  rJ'Vl\m0/  S\ 


xs(»,i),rir,/1, 

(4) 
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r  *  mf/mf. 
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(5b) 
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and 


_ xe'dx _ 
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Here,  mjlm?)  is  the  effective  heavy-hole  (light-hole)  mass,  p 
is  the  material  density,  S  is  the  average  speed  of  sound,  kt8i» 
the  energy  of  the  zone-center  longitudinal  optical  phonon, 
and  £«(£„)  is  the  deformation  potential  for  the  acoustic 
(nonpolar  optical)  mode.  The  values  of  £  for  the  materials 
considered  are  given  in  Table  I.  The  values  are  obtained  by 
assuming  if  m  4  and  fitting  the  magnitude  of  the  mobility  at 
room  temperature.10  Given  the  values  for  the  deformation 
potential  parameters,  we  can  write  expressions  for  the  scat¬ 
tering  rates  for  acoustical  and  noopoiar  optical  phonon  scat¬ 
tering  following  Coo  well."  For  the  case  of  lightly  doped 
material  near  room-temperature,  ionized  impurity  scatter¬ 
ing  and  hole-hole  scattering  can  be  neglected.*  For  heavier 
doped  material,  the  effect  of  these  scattering  mechanisms 
can  be  included  in  analogy  with  the  results  of  Ref.  6. 


III.  RESULTS  AND  DISCUSSION 

We  numerically  integrate  the  expressions  for  o*_„ 
<**_,  and  a^,,  and  find  that  the  intensity  dependence  of  the 
absorption  due  to  each  direct  transition  can  be  fit  to  high 


I - 

accuracy  by  the  functional  form 


atf) 


(1 +//(/,),  J1'3’ 


(6) 


where  a.  is  the  low-intensity  absorption  coefficient  and  (/, ), 
is  the  saturation  intensity  of  the  Ith  intervalence-band  transi¬ 
tion.  Values  of  (/,)»„  (/,)*,,  and  (/,)*  at  K  *  9.6 pm  and 
T  «  295  are  given  in  Table  II  for  the  materials  considered. 

Most  measurements  of  the  saturable  absorption  in  p- 
type  semiconductors  are  interpreted  in  terms  of  an  inhomo- 
geneously  broadened  two-level  model  in  which  the  reduc¬ 
tion  in  the  absorption  coefficient  is  given  by 


o(/) 


«o 

(1+///,)"1’ 


(7) 


where  Og  is  the  low-intensity  absorption  coefficient.  The  ab¬ 
sorption  coefficient  from  the  sum  erf'  the  three  intervalence- 
band  processes  can  be  reasonably  well  approximated  by  this 
form  for  intensities  in  the  range  in  which  most  saturable 
absorption  experiments  have  been  performed  (/  S 100 
MW/cm*).  For  intensities  low  enough  that  the  square  roots 
in  Eqs.  (6)  and  (7)  can  be  power  aeries  expanded,  one  has 
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TABLE  II.  Panuneten  deacribing  the  saturation  characteristics  for  heavy- 
hok  to  light-hole  band  transitions,  heavy-hole  to  split-off  band  tranuttoiu, 
and  light-bole  to  split-off  band  transitions  for  T,  m  295  K  and  £„  «  129.8 
m eV.  Values  of  the  saturation  intensity  are  given  owing  to  the  cumulative 
effect  of  all  three  direct  intervalenoe-band  transitions.  Also  included  are  the 
list  derivatives  of  the  saturation  intensity  with  respect  to  photon  energy 
and  temperature.  All  intensities  are  given  in  units  of  MW /cm2 


Material  (/,)„ 

tf.l» 

/.  —I  | 

'  dE  It' 

fMW_!_ 
tem2  meV 

/  BT  IrJ 

fMW  n 
lem2  *K  ) 

Si 

301 

127 

161 

175 

3.3 

1.7 

InP* 

745 

97 

159 

8 

1.0 

GaP 

1900 

161 

332 

229 

0.9 

2.3 

A1P 

104 

190 

215 

122 

3.1 

1.0 

The  h—s  transition  in  InP  is  not  energetically  allowed  for  this  photon 
energy. 


1  _  i  y  «<* 

I,  aJr(I,)t 


(8) 


The  values  of  a4/a0  for  each  of  the  three  resonant  transi¬ 
tions  are  listed  in  Table  III.  We  have  taken  I,  to  fit  the  result 
for  the  sum  of  the  three  processes  for  intensities  up  to  100 
MW/cm2.  We  find  the  saturation  intensity  to  have  a  smooth 
behavior  near  room  temperature  and  A  —  9.6  fim 
(£„  =  129.8  meV).  This  allows  one  to  describe  the  saturation 
near  room  temperature  and  near  E0  by  giving  the  values  of  I, 
(at  E0  *  1 29.8  me  V  and  T ■  295  K)  and  the  slopes 
M.ldEte.  «nd  dI,/bT\T> .  The  values  of  l„  dIJbE\E<i ,  and 
a/,/371r,  given  in  Table  II. 

Values  of  the  saturation  intensities  in  the  materials  with 
small  spin-orbit  splittings  are  generally  larger  than  the  val¬ 
ues  in  materials  with  larger  spin-orbit  splittings  such  as  Ge 
and  GaAs.  This  difference  is  primarily  due  to  the  relatively 
slow  splitting  between  the  valence  bands  with  increasing  \k  |. 
As  a  result,  the  resonant  optical  transitions  occur  at  larger 
values  of  |*  |.  As  discussed  in  Ref.  1,  this  leads  to  larger  scat¬ 
tering  rates  for  the  states  involved  in  the  transitions  and  thus 
large  values  for  the  saturation  intensity.  The  deformation 
potentials  and  the  values  of  the  optical  matrix  elements  also 
play  an  important  role  in  determining  the  value  of  the  satura¬ 
tion  intensity. 

There  has  been  one  experimental  attempt  to  observe 
saturable  absorption  in  Si2.  In  this  experiment  only  a  small 
degree  of  saturation  was  observed  and  a  lower  limit  of  50 
MW/cm2  was  set  for  the  saturation  intensity. 


IV.  CONCLUSIONS 

The  calculated  values  for  the  saturation  intensity  indi¬ 
cate  that  Si,  InP,  GaP,  and  A1P  are  more  difficult  to  saturate 
than  several  other  p-type  semiconductors. '  Thus  it  seems 
likely  that  these  materials  will  not  be  as  useful  in  the  applica- 


TABLE  III.  Values  of  av/a„  for  transitions  between  the  heavy-  and  light- 
bole  bands,  the  heavy-hole  and  split-off  bands,  and  the  light -hole  and  spin¬ 
off  bands.  All  values  are  given  for  a  photon  energy  of  129.8  meV  (2  «  9  6 
fim)  and  room-temperature  conditions. 


Material 

(o0)»_, 

<*0 

a0 

Bo 

Si 

0.37 

0.39 

0.24 

InP* 

0.39 

... 

0.61 

GaP 

0.14 

0.58 

0.28 

A1P 

0.71 

0.19 

0.10 

The  h— -i  transition  in  InP  is  not  energetically  allowed  for  this  photon 
energy 


tions  of  saturable  absorbers  to  C02  laser  systems  as  other  p- 
type  semiconductors  such  as  Ge.  In  addition  the  residual 
(nonsaturable)  absorption  is  larger  for  the  materials  consid¬ 
ered  in  this  paper  owing  to  their  larger  longitudinal  optical- 
phonon  energy,  which  is  undesirable. 
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Absorption  of  high-intensity  C02  laser  light  inp-type  semiconductors  with 
small  spin-orbit  splittings 
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We  present  the  results  of  a  theory  describing  the  saturation  behavior  of  p-type  semiconductors, 
such  as  Si,  with  small  spin-orbit  splittings  by  high  intensity  light  with  a  wavelength  near  10  ftm. 

We  consider  absorption  due  to  direct  intervalence-band  transitions  between  the  heavy-hole  and 
light-hole,  heavy-hole  and  split-off,  am*  light-hole  and  split-off  bands.  The  functional  form  for  the 
saturation  of  each  transition  is  given  and  values  for  the  saturation  intensity  as  a  function  of  photon 
energy  and  temperature  are  reported. 

PACS  numbers:  78.50.Ge,  42.10.Ke 


(.INTRODUCTION 

In  a  previous  publication1  we  presented  the  results  of  a 
theory  describing  the  saturable  absorption  of  several  p- type 
semiconductors  for  light  having  a  wavelength  in  the  9-1 1 
(i m  region,  which  corresponds  to  the  CO,  laser  spectrum. 
The  dominant  absorption  mechanism  is  intervalence-band 
transitions  where  a  free-hole  in  the  heavy-hole  band  absorbs 
a  photon  and  makes  a  direct  transition  to  the  light-hole 
band.  The  absorption  due  to  this  mechanism  has  been  shown 
to  be  saturable  in  GeJ-5  and  GaAs.2  Results  of  the  theory 
have  been  presented  for  most  of  the  Group  IV  and  III-V 
semiconductors  for  which  the  spin-orbit  splitting  was  large 
compared  to  the  energy  of  the  incident  photon.  However,  for 
materials  such  as  Si,  where  the  spin-orbit  splitting  is  less  than 
the  photon  energy,  one  must  generalize  the  theory  to  include 
transitions  from  the  heavy-hole  to  light-hole  band,  the 
heavy-bole  to  split-off  band,  and  the  light-hole  to  split-off 
band.  In  this  paper,  we  consider  the  saturation  properties  of 
Si  and  InP,  GaP  and  A1P  which  also  have  small  spin-orbit 
splittings. 

The  absorption  coefficient  for  these  materials  in  the  9- 
11  ftm  region  can  be  written  as 

«s«,+«W+ff|U1+«U,  (1) 

where  a,  is  the  residual  absorption  due  to  phonons,  a*_, 
(a*..,)  is  the  absorption  coefficient  due  to  direct  heavy-hole 
to  light-hole  (split-off)  band  transitions,  and  is  the  ab¬ 
sorption  coefficient  due  to  direct  light-hole  to  split -off  band 
transitions.  The  effect  of  lattice  absorption  depends  on  the 
wavelength  of  the  light  and  the  temperature  of  the  material. 
Lattice  absorption  at  9.6  ftm  requires  the  cooperation  of  at 
least  three  phonons  to  conserve  energy  and  is  therefore 
small.  In  Si,  two- phonon  absorption  is  energetically  possible 
for  a  wavelength  of  10.6  ftm.  The  absorption  of  light  by  the 
creation  of  phonons  can  be  included  in  a  straightforward 
way,  since  this  process  is  nonsaturable  and  just  adds  a  residu¬ 
al  absorption  tern-.6  In  this  paper,  we  analyze  the  saturable 
absorption  due  to  the  direct  intervalence-band  transitions. 

The  paper  is  organized  in  the  following  way:  in  Sec.  II 
we  describe  the  theoretical  approach,  in  Sec.  Ill  we  present 
the  results  of  the  calculation,  and  in  Sec.  IV  we  summarize 
our  conclusions. 


II.  THEORETICAL  APPROACH 

In  previous  work  we  have  given  an  expression  to  deter¬ 
mine  the  decrease  in  the  absorption  coefficient  with  increas¬ 
ing  intensity  when  only  the  heavy-hole  and  light-hole  bands 
were  involved  in  the  optical  transition.1'7'*  Analogous  ex¬ 
pressions  can  be  written  for  direct  transitions  between  the 
heavy-hole  and  split-off  bands  and  between  the  light-hole 
and  split-off  bands.  In  order  to  numerically  integrate  the 
expressions  for  and  a,^„  we  must  calculate  the 

steady-state  distribution  functions  in  each  band  as  a  function 
of  intensity  for  each  wave  vector  k.  If  we  assume  that  the 
three  direct  optical  transitions  are  uncoupled,  then  the  ab¬ 
sorption  due  to  each  resonant  transition  can  be  independent¬ 
ly  analyzed.  That  is,  we  can  determine  the  saturation  charac¬ 
teristics  for  and  a,_,  independently  using  the 

theory  previously  presented.  Here,  we  assume  that  the  modi¬ 
fication  in  the  distribution  function  of  free  holes  due  to  one 
particular  resonant  transition  between  two  valence  bands  in 
k  space  does  not  strongly  affect  the  distribution  of  free  holes 
in  the  resonant  regions  for  the  other  transitions.  This  as¬ 
sumption  is  made  in  order  to  limit  the  numerical  expense 
involved  in  the  calculation  of  the  distribution  functions  for 
each  band;  however,  a  more  exact  calculation  can  be  per¬ 
formed  provided  new  experimental  evidence  becomes  avail¬ 
able  to  justify  the  additional  complexity  in  the  calculation. 
We  present  the  calculation  to  qualitatively  characterize  the 
saturation  behavior  of  these  materials  and  determine  if  the 
saturation  properties  are  of  sufficient  interest  to  warrant  ad¬ 
ditional  experimental  investigation. 

In  Ref.  8  we  find  that  a*_,  is  given  by 


7',|k))7"1,/|k)2jrf2|p*,fk)|: 


2 

r*,(ki 


(3b) 
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r!(k)  ~  1  (3c) 

and 

7SET-5(*"-)  |MI 

Here,  R+ _^k.  is  the  rate  at  which  a  hole  in  band  a  with  wave 
vector  k  is  scattered  into  a  state  in  band  b  with  wave  vector 
k',  /is  the  intensity  of  the  light,  Nh  is  the  density  of  holes,  the 
subscripts  h  (/ 1  designate  the  heavy-  (light-)  hole  band,  m  is 
the  free-elect ron  mass,  ho  is  the  photon  energy,  f.  is  the 
high-frequency  dielectric  constant,  |pA/(k)|2  is  the  squared 
momentum  matrix  element  between  the  Bloch  states  in  the 
heavy-  and  light-hole  bands  (summed  over  the  two  degener¬ 
ate  states  in  each  band),  /2*,(k)  is  the  angular  frequency  asso¬ 
ciated  with  the  energy  difference  (e*(k)e({k)),  where  e,(k)  is 
the  energy  of  the  hole  with  wave  vector  k  in  band  /,  and  f’{  k) 
is  the  probability  that  a  hole  state  with  wave  vector  k  is  occu¬ 
pied  in  band  /  in  thermal  equilibrium.  The  integral  in  Eq.  (2) 
is  calculated  over  a  surface  of  constant  i2*,(k).  Analogous 
expressions  are  written  for  a*_,  and  .  The  method  used 
for  determining  the  momentum  matrix  elements  |ptf(k)j2, 
|P*.(k)|2,  and  |p„(k(|2  is  described  by  Kane*  The  one-hole 
energies  are  determined  by  degenerate  k-p  perturbation 
theory* 

We  consider  hole  densities  such  that  hole-phonon  scat¬ 
tering  is  the  dominant  scattering  mechanism.  If  we  assume 
that  the  mobility  data  can  be  explained  by  acoustic  and  non¬ 
polar  optical  phonon  scattering,  then  the  valence-band  de¬ 
formation  potential  parameters  can  be  chosen  so  that  the 
temperature  dependence  of  the  mobility  agrees  with  the  ex- 


TABLE  I.  Parameters  used  in  determining  the  valence-band  '’.-formation 
potential  parameters.  The  hole  mobility  is  given  at  room  temperature  in 
units  of  cm  W  sec.  Values  of  /  are  given  in  units  of  eV:  cm  lecVgm 


s= 

- 

Cyclotron 

A 

f 

Material  fi 

mj/m0 

mf/m0  6 

resonance 

(meV| 

ixio-  "i 

parameters 

Si 

480" 

0.53* 

0.16* 

730* 

Ref.  13 

44.0* 

3.71 

InP 

I54‘ 

0.15* 

0.089*  498* 

Ref.  13 

130.0* 

2.52 

GaP 

ISO* 

0.79* 

0.14* 

382* 

Ref.  13 

80.0* 

3.59 

A1P 

450 

0.63* 

0.20“ 

719* 

Ref.  13 

50.0* 

2.53 

‘Reference  12. 
‘Reference  13. 
‘Reference  14. 
•Reference  15. 
‘Reference  16. 
'Reference  17. 
•Reference  18. 
"Reference  19. 
‘Reference  20. 


perimental  results.  Using  the  results  of  Ref.  1 1 0),  we  write  the 
mobility  p.  as 


25'V/2**Vr  +  r3,2\[j 

sr*r 

**  J/2  v  1  +  rV2/ 1 

X  S(8,if,T)T-'n, 

(♦) 

where 

r  =  mj/m?, 

(5a) 

9  =  1  E^/E^)1. 

(5b) 

i^El/ipu1), 

(5c) 

and 


s(A*r)-J[ 


_ xe  *dx _ 

1  +  WO /T^ r*/r-  !)-■(!  +  e/xT)m  +  e*/r(l  -  8/xT)'n ' 


<5d) 


Here,  mj(mf)  is  the  effective  heavy-hole  (light-hole)  mass,  p 
is  the  material  density ,  u  is  the  average  speed  of  sound,  kB  0  is 
the  energy  of  the  zone-center  longitudinal  optical  phonon, 
and  the  deformation  potential  for  the  acoustic 

(nonpolar  optical)  mode.  The  values  of  £  for  the  materials 
considered  are  given  in  Table  I.  The  values  are  obtained  by 
assuming  if  m  4  and  fitting  the  magnitude  of  the  mobility  at 
room  temperature.10  Given  the  values  for  the  deformation 
potential  parameters,  we  can  write  exprewioos  for  the  scat¬ 
tering  rates  for  acoustical  and  nonpolar  optical  phonon  scat¬ 
tering  following  Conwell. 1 1  For  the  case  of  lightly  doped 
material  near  room-temperature,  ionized  impurity  scatter¬ 
ing  and  bole-hole  scattering  can  be  neglected*  For  heavier 
doped  material,  the  effect  of  these  scattering  mechanisms 
can  be  included  in  analogy  with  the  results  of  Ref.  6. 


HI.  RESULTS  AND  DISCUSSION 

We  numerically  integrate  the  expressions  for  a^,, 
aK  r.anda.  , .  and  find  that  the  intensity  dependence  of  the 
absorption  due  to  each  direct  transition  can  be  lit  to  high 


accuracy  by  the  functional  form 


where  am  is  the  low-intensity  absorption  coefficient  and  (/, ), 
is  the  saturation  intensity  of  the  i**1  intervalence-band  transi¬ 
tion.  Values  of  (/,)*„  (/,)*,,  and  (/,)b  at  k  *  9.6pm  and 
T  *  295  are  given  in  Table  II  for  the  materials  considered. 

Most  measurements  of  the  saturable  absorption  in  p- 
type  semiconductors  are  interpreted  in  terms  of  an  inhomo- 
geneously  broadened  two-level  model  in  which  the  reduc¬ 
tion  in  the  absorption  coefficient  it  given  by 


where  Oo  is  the  low-intensity  absorption  coefficient.  The  ab¬ 
sorption  coefficient  from  the  sum  of  the  three  intervalence- 
band  processes  can  be  reasonably  well  approximated  by  this 
form  for  intensities  in  the  range  in  which  most  saturable 
absorption  experiments  have  been  performed  {IS  100 
MW/cm2).  For  intensities  low  enough  that  the  square  roots 
in  Eqt.  (6)  and  (7)  can  be  power  series  expanded,  one  has 
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TABLE  ll.  Parameters  describing  the  saturation  characteristics  for  heavy- 
bole  to  light-bote  bud  transitions,  heavy-bole  to  split-off  band  tranaitions, 
and  iicht-hole  to  split-off  band  transmoat  for  T0  *  295  K  and  £0  •  129.8 
meV  Valuta  of  the  aaturatioo  intenaity  an  given  owing  to  the  cumulative 
effect  of  all  three  direct  intervalence-band  transitions.  Alao  included  an  the 
Aral  derivatives  of  the  saturation  intenaity  with  respect  to  photon  energy 
and  temperature  All  intensities  an  given  in  units  of  MW/em1. 


1  ( 

fMW  1  \ 

,*■1 

rMw  i  \ 

1 

at 

lent*  mevj 

1  ar\ 

IrJ 

1cm’  *kJ 

I 

Si 

301 

127 

161 

175 

3.3 

1.7 

InP* 

745 

... 

97 

159 

8 

1.0 

OaP 

1900 

161 

332 

229 

0.9 

2.3 

A1P 

10* 

190 

215 

122 

3.1 

1.0 

“The  h—s  transition  in  InP  is  not  energetically  allowed  for  this  photon 
energy. 


1  _  ly°V 

I,  «o  T(/,)>  ' 


(8) 


The  values  of  a^/a0  for  each  of  the  three  resonant  transi¬ 
tions  are  listed  in  Table  III.  We  have  taken  I,  to  fit  the  result 
for  the  sum  of  the  three  processes  for  intensities  up  to  100 
MW/cm2.  We  find  the  saturation  intensity  to  have  a  smooth 
behavior  near  room  temperature  and  X  —  9.6  /am 
{E0  =  129.8  meV).  This  allows  one  to  describe  the  saturation 
near  room  temperature  and  near  fg  by  giving  the  values  of /, 
(at  £0  •  1 29.8  meV  and  Tm  295  K)  and  the  slopes 
3/,/afk,  and  ayanr. .  The  values  of/,.  M./bEle, .  *nd 
a/,/3nr,  are  given  in  Table  II. 

Values  of  the  saturation  intensities  in  the  materials  with 
small  spin-orbit  splittings  are  generally  larger  than  the  val¬ 
ues  in  materials  with  larger  spin-orbit  splittings  such  as  Ge 
and  GaAs.  This  difference  is  primarily  due  to  the  relatively 
slow  splitting  between  the  valence  bands  with  increasing  k  |. 
As  a  result,  the  resonant  optical  transitions  occur  at  larger 
values  of  |k  |.  As  discussed  in  Ref.  1 ,  this  leads  to  larger  scat¬ 
tering  rates  for  the  states  involved  in  the  transitions  and  thus 
large  values  for  the  saturation  intensity.  The  deformation 
potentials  and  the  values  of  the  optical  matrix  elements  also 
play  an  important  role  in  determining  the  value  of  the  satura¬ 
tion  intensity. 

There  has  been  one  experimental  attempt  to  observe 
saturable  absorption  in  Si2.  In  this  experiment  only  a  small 
degree  of  saturation  was  observed  and  a  lower  limit  of  SO 
MW/cm2  was  set  for  the  saturation  intensity. 


IV.  CONCLUSIONS 

The  calculated  values  for  the  saturation  intensity  indi¬ 
cate  that  Si.  InP,  GaP,  and  A IP  are  more  difficult  to  saturate 
than  several  other p- type  semiconductors.'  Thus  it  seems 
likely  that  these  materials  will  not  be  as  useful  in  the  applica¬ 


TABLE  III.  Values  of  a,/a„  for  transitions  between  the  heavy-  «nd  light- 
hole  bands,  the  heavy-hole  end  split -off  bends,  and  the  light-hole  and  spin¬ 
off  bands.  All  values  ere  given  for  a  photon  energy  of  129.8  meV  u  *  9.6 
/im|  end  room-temperature  conditions 


Material 

lad*  -i 

(a0)*_. 

ta0), 

«o 

Oq 

a0 

Si 

0.37 

0.39 

0.24 

InP* 

0.39 

... 

0.61 

GaP 

0.14 

0.58 

0.28 

A1P 

0.71 

0.19 

0.10 

“The  h—s  transition  in  InP  is  not  energetically  allowed  for  this  photon 
energy. 


tions  of  saturable  absorbers  to  COj  laser  systems  as  other  p- 
type  semiconductors  such  as  Ge.  In  addition  the  residua) 
(nonsaturable)  absorption  is  larger  for  the  materials  consid¬ 
ered  in  this  paper  owing  to  their  larger  longitudinal  optical- 
phonon  energy,  which  is  undesirable. 
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We  present  a  theory  to  describe  tne  enhanced  transmission  of  a  weak 
tunable  probe  laser  with  a  wavelength  near  3  mr  in  the  presence  of  a  high- 
intensity  saturating  bear,  with  a  wavelength  near  10  urn-  The  mechanism 
responsible  for  the  increased  transmission  is  the  depletion  of  holes  in 
the  heavy-hole  band  by  the  saturating  beam. 


At  room  temperature,  the  absorption  spectrum 
of  p-Ge  in  the  wavelength  region  of  2-25  un  is 
determined  by  direct  intervalence- band  transi¬ 


tions 


(1) 


For  light  vith  a  wavelength  between 


5  and  2 5  um,  the  dominant  transition  occurs  be¬ 
tween  the  heavy-  and  light-hole  bands,  for  wave¬ 
lengths  between  **  and  5  um  the  dominant  transi¬ 
tion  occurs  between  the  light-  and  split-off 
hole  bands;  and  for  wavelengths  between  2  and  k 
lim  the  dominant  transition  occurs  between  the 
heavy-  and  split-off  hole  bands.  For  sufficient¬ 
ly  high  intensities,  the  heavy-  to  light-hole 
transitions  have  been  shown  to  saturate  due  to  a 
depletion  of  the  population  of  holes  in  the  resonant 


region  of  the  heavy-hole  band 


( 2-5 ) 


With  a 


high-intensity  pump  laser  saturating  the  heavy- 
to  light-hole  band  transition,  the  transmission 
of  a  low  Intensity  probe  resonant  between  the 
heavy-  and  split-off  hole  bands  is  altered.  If 
the  wavelength  of  the  pump  laser  is  fixed  and  the 
wavelength  of  the  probe  is  tuned,  there  is  a 
spectral  region  for  the  probe  in  which  the  two 
optical  transitions  are  coupled  due  to  their 
sharing  of  common  initial  states  in  the  heavy- 
hole  band.  These  features  have  been  experimental¬ 


ly  observed  in  p-Ge  by  Keilmann  and  Kuhl 


(6) 


In 


this  experiment,  the  wavelength  of  the  pump  laser 
was  fixed  at  9.6  ym  and  the  probe  was  tuned  in 
wavelength  near  3  ym.  In  this  coanunlcatlon,  we 
present  a  theory  describing  the  enhanced  trans¬ 
mission  of  the  3  ym  probe  in  the  presence  of  the 
10  ym  pump  in  p-Ge. 

We  consider  single  quantum  transitions  be¬ 
tween  the  heavy-  and  light-hole  bands  due  to  the 
pump  laser  and  between  the  heavy-  and  split-off 
hole  bands  due  to  the  probe.  The  absorption  co¬ 
efficient  of  the  probe  is  given  by 


a(  I .w2 ) 


Scm2 


v 

3 


r[fh(k)-ft(i!)]|Fhs(k)| 


l/(**[  T2<k)3bt) 

fnh.(i)-U2]2+[l/T2^)]h. 


(1) 


slant, f.(k)  is  the  probability  that  a  hole  state 
with  wa^evector  k  is  occupied  in  band  i,  iL  ( t  1 
is  the  angular  frequency  associated  with  tne  energy 
difference  [eh(k)  -  €g(k)]  where  c  (k)  is  the 
one-hole  energy' for  a  state  with  wivevector  k 
in  band  i,  and  |P  (k)|  is  the  squared  momentum 
matrix  element  between  the  Bloch  states  in  the 
heavy-  and  split-off  hole  bands  (sunned  over  the 
two  degenerate  states  in  each  band).  Here, 
[T?(k)Jhg  is  defined  by 


roTrr 


ck  * 


hk-*ck* 


Rsk-ck  ’  ^ 


l?) 


where  R»>-.bk'  *s  the  rate  at  which  a  hole  ir.  band 
a  with  wivevector  k  is  scattered  into  a  state  in 
band  b  with  wavevector  k ' . 

The  dependence  of  the  absorption  coeffi¬ 
cient  on  the  intensity  of  the  pump  laser  occurs 
through  the  distribution  function  in  the  heavy- 
hole  band,  f  (k).  We  consider  the  case  in  which 
the  probe  is  of  sufficiently  low  intensity  that 
it  cannot  saturate  the  transition  O).  Thus  we 
take  the  distribution  in  the  split-off  hole  band 
to  be  given  by  the  equilibrium  value.  We  calcu¬ 
late  the  distribution  function  for  the  heavy-hole 
band  as  a  function  of  the  intensity  of  the  pump 
in  the  manner  of  Ref.  (8). 

The  valence  band  structure  of  Ge  has  been 
calculated  by  several  investigators  to  various 
degrees  of  accuracy  (9-11).  The  more  exact  of 
these  calculations  is  given  by  Fawcett  *9'  where 
the  interactions  between  the  valence  band  and 
the  two  neighboring  conduction  bands  are  treated 
exactly  rather  than  by  perturbation  methods.  The 
result  of  the  calculation  Indicates  that  for 
small  k  the  heavy-  and  light-hole  bands  can  be 
adequately  described  by  a  simpler  calculation 
given  by  Kane  (1°),  and  that  the  split-off  band 
is  better  approximated  by  a  simpler  c alrulstior. 
given  by  Dresselhaus,  et  al  We  calculate 

the  dispersion  curves  for  the  heavy-  and  light- 
bole  bands  and  the  momentum  matrix  elements 
following  Kane  (10),  The  dispersion  curve  for 
the  split-off  band  was  taken  to  be 


where  the  eubecrlpts  h(s)  designate  the  beavy- 
( split-off)  hole  hand,  I  la  the  density  of  holes, 
I  Is  the  intensity  of  the  pump, Hu.  Is  the  photon 
energy  of  the  probe  bean ,  c  is  the  dielectric  con- 


*  -A-A*  -Dk  Jain**©  cop  6 

♦  sin^8  cos^R]  , 


J7» 


(3) 
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*  if  tr-  -'fi'-'rr:*  «tl  jr?  -CjC  m*7  . 

A  ?  e  a  c.vc.'trcr.  r*-f-rar,-*~  pqrar«*,ftr,  f*  8^2  $ 
are  t  h**  pr,ar  ana  azir.u*nal  ar.g.e?  r^.ative  tc 
a  [IOC]  axi  ? ' ,  respectively,  ana  Z  if  determines 
by  fitting  tc  tne  result*  cf  Ref.  id:  Tr.“ 

angular  dependence  of  the  k~  Terr  ir.  Ed-  3  is 
suggested  £y  symmetry.  Tr.e  valje  of  T  used  wa? 

Rxl  reV-,  **.  For  tne  sna-l  k  region  cf  in¬ 
terest,  tr.e  fit  cf  Eq.  i3)  tc  tne  result?  cf  ref. 
19  <  is  very  good.  Cf  course,  tr.is  result  car.r.r* 
be  extended  tc  large  values  cf  k.  The  cyclotron 
resonance  parameters  cf  Hense!  ard  Suzuki 
were  used. 

For  room  temperature  conditions,  the  dominant 
scattering  mechanism,  is  pncncr  scattering  for 
no^e  concentration?  less  tr.ar  about  3x10- ^cnT^. 

For  larger  concentrations,  one  should  also  include 
tr.e  effect  of  hole- impurity  and  ho, e-hole  scat¬ 
tering.  Here  we  consider  two  cases;  the  low  con¬ 
cent  rat  ion  case  and  tne  case  of  a  hole  concen¬ 
tration  cf  1  •  3xiO**cr.“3  {wrier,  corresponds  to  tne 
experimental  conditions  in  Ref.  (6)).  The  phoncr 
scattering  rates  are  treated  as  ir.  Bef.  (8»  ar.d 
hole- impurity  and  hole-hole  scattering  are  treated 
a?  ir.  Pef.  ■>.  1 L  ) . 

The  calculated  values  for  the  absorption  co¬ 
efficient  of  the  probe  as  a  function  of  the  pretor 
energy  of  the  probe  are  presented  in  Fig.  11  ^  for 
a  pump  wavelength  of  9.6  urn.  All  values  cf  the 
absorption  coefficient  at  a  giver,  phot  or.  energy- 
are  giver,  relative  to  the  small-signal  absorption 
a  (•*•„)  at  that  energy.  To  indicate  the  depen¬ 
dence  of  the  absorption  of  the  probe  or  the  inten¬ 
sity  of  the  pump*  we  plot  a(I)'0  for  I»20, 
bC,  and  60  MW /cm*’.  We  note  that°tne  transmis¬ 
sion  of  the  probe  is  further  enhanced  as  tne 
pump  intensity  is  increased  due  tc  the  further 
depletion  of  the  hole  distribution  ir.  tne 
resonant  region  of  the  heavy-hole  band.  We  also 
note  that  for  a  given  intensity  ard  probe  energy, 
values  of  a 'a  are  larger  for  more  heavily  doped 
samples.  This  occurs  because  ar  increase  in  the 
hole  concent rstion  increases  the  noie-impurity 
and  hole-hoi e  scattering  rates.  Tnus  higher  in¬ 
tensities  are  required  to  deplete  tne  heavy - 
hole  band  population  in  the  more  heavily  doped 
material . 

Tne  quantity  that  is  presented  by  the  authors 
of  Ref.  (6)  is 


a /a  =  Ir  T/lr.  7 
o  o 


U> 


where  T  is  the  transmission  with  the  pump  and  T 
is  the  transmission  without  the  pump.  Because 
the  intensities  of  the  pump  and  probe  beams  change 
in  space  or  a  scale  which  is  long  compared  with 
the  wavelengths  of  the  beams  and  the  carrier 
mean  free  paths,  this  ratio  can  be  written  as 


a(  I(  b, 2 ) )dz 


a/a  *  J  n 


V05  * 


d?c"1 


Iln(0) 


.  (5) 


(-at) 

o 


Here  i  is  the  direction  of  propagation  of  the 
probe,  p  Is  the  axial  dimension  of  the  probe, 

I.  (p)  is  the  incident  intensity  of  the  probe 
aiS  I  is  the  sample  length.  The  quantity  which 


Figure  i .  falcuiat^d  spectral  response  for  tne 
absorption  of  a  wean  tuna!  le  probe  ir  the  pre¬ 
sence  of  a  saturating  pump  laser  with  a  wave¬ 
length  ?f  y.6  um  ir,  p-Ge  at  room  temperature 
Curves  ar*-  shown  for  pump  intensities  of  -1,  u:.% 
6''  and  8r»  MW/cm'.  Tne  top  figure  illustrates 
the  probe  absorption  for  hole  concentration*-  suer 
that  hole-hole  and  hole-impurity  scattering  car 
be  neglected  compared  with  hnip-pbor.or  scattering 
Th*-  bottom  figure  illustrates  the  probe  ab*ori- 
tior  for  a  hoi**  concentration  of  1 .  3x  j  0-  cm"’ \ 


we  calculate  is  a(I)  {normalized  to  a  which  is 
separately  calculated).  If  the  experimental 
geometry  was  accurately  known,  it  would  be 
straightforward  to  perform  the  spatial  integrals 
and  make  a  direct  comparison  with  the  experiment 
but  the  experimental  conditions  were  not  accurately 
enough  defined  to  make  this  practical.  However, 
the  calculated  values  of  a(I)/a  account  for  the 
main  qualitative  features  of  th?  experimental 
results. 

The  experiments  of  Bef.  (6)  were  done  at  room 
temperature  with  a  pump  laser  at  X  *  9.6  um  and 
a  sample  with  R  *  1 .  BxlO^cnT^.  The  intensity 
of  the  pump  laser  was  estimated  by  tbe  authors 
of  Ref.  (6)  to  vary  between  80  MW /car  and  7  MW/cm^ 
as  the  beam  passed  through  the  absorbing  sample. 

The  pump  was  focused  to  a  Gaussian  spot  size  of 
2w  *  0.7  ioa.  The  probe  entered  the  sample  from 
the  opposite  surface  and  was  characterized  by  an 
elliptical  cross  section  with  2w  *  1.6  mm  in  the 
plane  of  incidence  and  0.L  an  perpendicular  to 
it.  In  addition  the  pimp  and  probe  beams  were 
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not  col inear.  Thus  much  of  the  probe  was  outside 
cf  the  pumped  region.  Ideally  one  would  like  tc 
hav<“  the  spot  site  of  the  probe  to  be  considerably 
less  thar.  the  spot  size  of  the  pump.  Under  these 
experimental  conditions,  a  dip  in  ti/a  was  ob¬ 
served.  The  dip  was  centered  at  a  pr$he  energy 
of  **17  meV,  the  minimum  value  of  a/ac  was  O.6.- 
and  the  FWHM  of  the  dij  was  about  13  meV. 

The  calculated  values  of  a ( 1 ! /a  predict  tne 
location  of  the  saturation  dip  center  to  be  at 
I*  10  meV,  in  close  agreement  with  the  experimental 
measurement  of  1*17  meV.  The  location  of  the  dip 
can  be  shifted  to  higher  (lower)  probe  energies 
by  adjusting  the  pump  tc  higher  'lower:  phot  or. 
energies.  This  allows  a  means  tc  tune  the  maxi¬ 
mum  transmission  of  the  probe  by  controlling  tne 
wavelength  of  the  pump  laser.  It  has  beer,  pre¬ 
viously  noted  that  the  band  structure  results 
of  Fef.  (9)  could  account  for  the  position  of 
the  dip  (^5). 

Comparing  the  magnitude  of  the  calculated 
dip  in  a/a  with  the  experimental  results,  we 
see  that  tfie  calculated  values  of  the  dip  are 
larger  than  was  measured.  Tnis  is  to  be  expected 
because ,  as  we  have  previously  noted,  ouch  of 
the  probe  passed  through  unpumped  regions  of 
the  sample  in  the  experiment. 

The  calculated  value  of  the  FWHM  of  the 
dip  in  a/a  varies  from  about  70  to  110  meV  for 
intensitie?  in  the  20-80  MW/cm2  range.  The  line- 
shape  is  non-Lorentzian  (there  is  an  inner  dip 
in  the  curve)  owing  to  the  convolution  of  the 
Lorentzian  lineshape  of  the  probe  with  the  hole 
distribution  function  in  the  heavy-hole  band. 

The  experimental  results  indicate  a  somewhat 
broader  FWHM  of  about  130  meV.  The  experimental 
lineshape  is  approximately  Lorentzian.  Some  of 
the  discrepancy  could  be  understood  if  the  pre¬ 
sence  of  the  calculated  inner  dip  was  not  experi¬ 
mentally  observed  owing  to  the  broad  frequency 
settings  of  the  probe  used  in  measuring 

a/a  . 

°  In  Ref.  (6),  it  vms  suggested  that  a  homo¬ 
geneous  linewidth  of  about  80  meV  for  the  heavy 
tc  split-off  band  transitions  is  required  tc  ac¬ 
count  for  the  measured  width  of  the  dip  in  a/a  . 
This  large  width  requires  a  hole  lifetime  in 
the  split-off  band  of  about  0.006  psec.  We 
believe  that  this  is  an  ux.^hysically  small  value 


for  tne  lifetime  ar.:  it  :r  ir.ccr.r :  *r.t  r\  a .  - 
most  a*-  order  cf  magnitude  v:tr.  previa,  e.*.- 
mat  *"  '  Theoret  ica.  iy ,  we  fine  a  v& ;T 

about  L.Ot  psec.  )  In  our  calcu^a*  ior.r  tne  v:"V. 
of  tne  dip  ir.  a 'a  results  primar:.;.  frer  r^r.c 
structure  effects  because  cf  ar.;rc*rc;y  ir  t '  * 
band  structure,  tne  energy  o*  tne  ir.it:  a.  near;. - 
hole  state  resonant  with  tr-  pur.t  .ar*-’*  van. 
witr.  tne  direction  ir.  K-space  fror  ah:  .t  .  ♦ 

6C  met.  Tne  energy  of  the  initial,  r.ear.-r.r  ,t 
state  resonant  with  the  probe  laser  alsc  var;e? 
with  direction  ir.  k-space.  At  a  result,  tne 
v&lu^  of  tne  prob-*  frequency  f nr  wr.icr.  the  rar.f 
neavy-nole  stater  are  resonant  wit^  Dot  r.  optical 
transitions  will  change  with  the  particular 
direction  ir.  x-spac^.  Thus  ar.  i  set  ropy  rrcaaen.- 
tn*»  dip  ir.  a.a  compared  witr.  the  res—  t  one 
find  ir.  a  spherical  model  fer  the  bare  structure. 
Ir.  addition,  the  distribution  of  nc.es  not 

directly  depleted  by  tne  pump  laser  can  he  dp;>: 

.  c 

by  scattering  into  the  depleted  regions  . 

Also  the  curvature  of  the  split-eff  hcle  rand  is 
greater  than  that  of  the  neavy-ncle  bar.d  wr.icr. 
further  broadens  the  dip 

For  semiconductors  witr.  the  diamond  zr 
zincblende  crystal  structure,  the  valence  hand 
is  similar  to  that  of  Ge  and  enhanced  trans¬ 
mission  of  a  probe  ir.  the  presence  cf  a  satura¬ 
ting  pump  should  be  observable  in  these  materials 
as  well.  Such  measurements  could  provide  useful 
information  or.  the  valence  band  structure  for 
materials  in  which  the  cyclotron  resonance  para- 
met  ers  are  not  as  well  known,  as  those  for  Ge. 

In  conclusion,  we  have  presented  a  theory 
describing  the  enhanced  transmission  cf  a  probe 
due  to  the  presence  of  a  saturating  pump. 

Detailed  calculations  for  p-Ge  with  a  pump  laser 
wavelength  of  0.6  um  and  probe  energies  between 
350  and  500  meV  have  been  shown.  The  results  cf 
the  calculation  are  qualitatively  consistent  with 
existing  experimental  measurements;  nowever ,  more 
experimental  information  is  required  for  a  detai. 
quantitative  comparison. 
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The  absorption  of  C03  laser  radiation  alters  the  distribution  of  free  holes  in  p  *Ge  due  to  optical  transitions  between 
the  heavy-  and  light-hole  bands.  The  modification  of  the  hole  distribution  function  leads  to  a  change  in  the 
conductivity.  We  present  a  calculation  of  the  linear  photoconductive  response  at  10.6  /u  in  as  a  function  of  hole 
density  at  room  temperature  and  as  a  function  of  temperature  for  fixed  hole  density.  We  also  describe  the 
photoconductivity  for  high  light  intensities  for  which  the  effects  of  saturation  of  the  tntervaience-band  transitions 
are  important. 


I  INTRODUCTION 

The  absorption  of  light  in  the  10-  yim  region  by 
p-type  germanium  is  determined  by  direct  inter¬ 
valence-band  transitions  in  which  a  free  hole  in 
the  heavy-hole  band  absorbs  a  photon  and  is  ex¬ 
cited  to  the  light-hole  band.1  Since  the  absorption 
of  light  modifies  the  distribution  of  free  holes, 
one  expects  a  change  in  the  sample  conductivity 
upon  illumination.  Because  the  density  of  states 
in  the  heavy- hole  band  is  much  greater  than  that 
in  the  light- hole  band,  the  photoexcited  holes 
primarily  scatter  into  high-energy  states  in  the 
heavy-hole  band.  Thus  the  dominant  change  in  the 
distribution  function  is  an  increase  in  the  average 
energy  of  occupied  states  in  this  band.  For  tem¬ 
peratures  and  doping  levels  for  which  phonon 
scattering  dominates  the  momentum  relaxation, 
the  conductivity  decreases  upon  illumination  be¬ 
cause  the  rate  of  phonon  scattering  increases  with 
increasing  hole  energy.  For  lower  temperatures 
or  higher  doping  levels  where  ionized-  impurity 
scattering  dominates  the  momentum  relaxation, 
the  conductivity  increases  with  illumination  be¬ 
cause  ionized- impurity  scattering  decreases  with 
increasing  hole  energy.  These  photoconductive 
effects  have  been  observed  experimentally’*7  and 
have  been  shown  to  influence  the  performance  of 
p- Ge  photon  drag  detectors.**10  In  this  paper  we 
present  a  calculation  of  the  photoconductive  re¬ 
sponse  of  p- Ge  upon  illumination  by  10.6- Mm  light 
as  a  function  of  doping  level,  temperature,  and 
intensity. 

Previous  calculations  of  this  photoconductive 
response  have  been  based  on  idealized  models  in 
which  the  Ge  valence  bands  have  been  replaced 
by  a  set  of  discrete  energy  levels,  each  charac¬ 
terized  by  an  effective  mobility. In  addition, 
the  effects  of  saturation  of  the  intervalence-band 
transitions  were  not  included,  so  that  the  results 
could  only  be  applied  for  low  intensities.  Here 
we  describe  the  Ge  valence  band  using  degenerate 
C  -  p  perturbation  theory.  We  calculate  the  bole 


distribution  as  a  function  of  the  laser  intensity 
in  both  the  linear  and  nonlinear  regimes.  Using 
the  calculated  hole  distribution,  we  determine  the 
photoconductive  response.  We  find  reasonable 
agreement  with  experimental  results.  There  are 
no  adjustable  parameters  in  the  theory 

The  paper  is  organizea  in  the  following  way:  In 
Sec.  II  we  present  our  theoretical  approach,  in 
Sec.  Ill  we  give  our  results  for  the  change  in  the 
conductivity,  and  in  Sec.  IV  we  summarize  our 
conclusions. 

II  THEORETICAL  APPROACH 

The  valence  bands  of  Ge  consist  of  three  twofold 
degenerate  bands:  the  heavy-hole,  the  light-hole, 
and  the  split-off  hole  bands.  In  thermal  equili¬ 
brium  the  occupied  hole  states  are  in  the  heavy- 
and  light- hole  bands  only.  We  consider  the  inter¬ 
valence-band  photoconductivity  of  p-Ge  when  the 
sample  is  pumped  by  a  CO,  laser.  Since  the  laser 
does  not  couple  free  holes  to  states  in  the  split- 
off  hole  band,  only  the  heavy-  and  light-hole  bands 
need  to  be  considered.  The  dc  current  density 
owing  to  free  holes  is  given  by 

J=(^)  E  //,(K)v,jrf3*  ,  (1) 

where  Nt  is  the  density  of  holes,  b  labels  the  band 
index,  £  is  the  wave  vector,  /,(£)  is  the  one-hole 
distribution  function,  and  v^.  is  the  group  velocity 
of  the  carrier  with  wave  vector  E  in  band  b. 

In  order  to  calculate  the  current  density  and  thus 
determine  the  conductivity,  it  is  necessary  to  find 
the  distribution  function  in  the  presence  of  the  ex¬ 
citing  laser  and  a  small  applied  dc  electric  field. 
The  distribution  functions  in  the  heavy-  and  light- 
hole  bands  are  determined  by  solving  the  following 
equations11'1*: 

0(E)[/,(E)  -/,(£)] -fjj  E  •  V(/,(E) 

»  -E  ffi)  -  Ra  _*/,(£')]  ,  (2a) 

er 
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and 

f»(E>i/,(E)-f,(E)]-|Evf/,(E) 


" *«*■  -  <2b) 

fit 

where  0(E)  is  given  by 


0(E)  = 


2r»  e*l 
■JTrrPuK  3Rui 


|p., (EM* 


_ l/rrfir,(k) 

|n(E)-  wf+li/r,^)]*’ 


(3) 


the  high- intensity  laser  but  with  no  external  elec¬ 
tric  field,  and  gk(E)  is  the  modification  of/t(E)  due 
to  the  presence  of  the  electric  field.  Here,  it  is 
assumed  that  gt(£)  «/“(£).  The  function/°(E)  is 
computed  as  in  Ref.  XI.  Using  Eq.  (5),  we  write 
Eqs.  (2)  to  first  order  in  tne  electric  field 

0(E)[g,(E)-g,(E)]+|E  •*£/»<£) 


and 


and 


2 

T,(£) 


(4)  0(E)[ff,(E) -*,(£)]- |e-V«(E) 


Here,  I  is  the  light  intensity,  is  the  photon 
energy,  I  ?„,(£)  |J  is  the  squared  momentum  ma¬ 
trix  element  between  the  Bloch  states  in  the  heavy- 
and  light-hole  bands  (summed  over  the  two  de¬ 
generate  states  in  each  band),  Rj^  is  the  rate 
in  which  a  hole  in  band  a  with  wave  vector  £  is 
scattered  into  band  b  with  wave  vector  £',  and 
fi(E)  is  the  angular  frequency  associated  with  the 
energy  difference  [€,(£)-«,(£)],  where  <,(?.'  is 
the  energy  of  the  hole  in  band  <  with  wave  vector 
E.  The  proportional  to  0  in  Eqs.  (?,a)  and  (2b)  de¬ 
scribes  the  change  in  the  distribution  due  to  opti¬ 
cal  excitation,  the  term  proportional  to  E  de¬ 
scribes  the  acceleration  of  th?  holes  by  the  elec¬ 
tric  field,  and  the  terms  proportional  to  R  de¬ 
scribe  the  scattering  of  the  holes.  The  one-hole 
energies  and  momentum  matrix  elements  in  Eq. 

(3)  are  determined  by  degenerate  E  •  p  perturba¬ 
tion  theory.15  The  cyclotron  resonance  parame¬ 
ters  of  Ref.  14  are  used  in  the  calculation.  The 
hole-phonon  contribution  to  the  scattering  rates 
appearing  in  Eqs.  (2a)  and  (2b)  are  treated  in  the 
manner  of  Ref.  11.  The  hole-hole  and  hole- 
ionized- impurity  scattering  rates  are  included 
following  Ref.  15. 

In  small  dc  electric  fields,  the  distribution  of 
carriers  can  be  described  by  the  sum  of  a  small 
drift  term  and  the  distribution  function  without  an 
electric  field.  Thus  in  small  electric  f.elds,  we 
write 

/,(E)»/J(E)+^(E) ,  (5) 

where  /J(E)  is  the  distribution  function  subject  to 


=  I) (firf-rf. ?,(£>-  *rf.-,£gc<E')] .  (6b) 

ct' 

We  assume  that  a  relaxation  time  approximation 
can  be  made  for  the  low  dc  field;  that  is,  the  rate 
of  change  of  gk(Z)  due  to  collisions  can  be  approxi¬ 
mated  by 


and  a  similar  expression  for  the  effect  of  colli¬ 
sions  on  #,(£).  Here,  t4(E)  |t,(E)]  is  the  momentum 
relaxation  time  due  to  scattering  of  holes  with 
wave  vector  E  in  the  heavy-  (light-)  hole  band  by 
phonons  and  ionized  impurities." 

Using  Eqs.  (6)  and  the  relaxation  time  approxi¬ 
mation,  we  write  expressions  for  g ,(k)  in  terms 
of  the  functions  /J(£).  Taking  the  dc  electric  field 
to  be  in  the  z  direction,  we  have 


-  (E)=z£t  \b +  3T-l(y° + U) 

H  * 1  1  X  1  +  0(t,+  t,)  r 


(8a) 


|r|8f°('n-gTtl(8/-°/a^)/(8r°  a*.)  +  l 
(l  '«,V  1  +0< ’■„+’•,) 


(8b) 


Since  v,(E)  =  -v>(-E)  and /^(E) -/£(-£),  we  can  write 
J. « 2(^)ca;  £  j gt( E)i.m<Ew*  .  (9) 


Integrating  Eq.  (9)  by  parts  the  conductivity  is 
given  by 


W'-OvC  ] 


(10) 
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The  factor 

_i*gT,|(yi/at.)/(y*/ao  +  i] 

l+^T.+  T,)  • 

appearing  in  the  heavy -hole  band  contribution  to  the 
conductivity,  and  the  analogous  factor  Z,  present 
some  numerical  difficulties  owing  to  the  peaked 
nature  of  the  terms  involved.  This  factor  differs 
significantly  from  unity  only  if  l.17  We  note 
that  0  is  sharply  peaked  in  the  resonant  region 
of  the  optical  transition  and  negligibly  small  out¬ 
side  of  this  region.  Thus  we  need  only  evaluate 
y0/ dkt  in  the  vicinity  of  the  resonant  region.  At 
low  light  intensities  where  saturation  of  the  optical 
transitions  does  not  occur  (7  «  1  MW/ cm2),  0T, 
is  small  compared  to  unity  even  in  the  resonant 
region,  and  Z,  is  essentially  one.  At  high  inten¬ 
sities  where  satiation  does  occur,  Z,  differs 
from  unity  in  the  resonant  region.  However,  for 
the  range  of  intensities  considered  in  this  paper 
(/ s  10  MW/ cm2),  this  difference  still  does  not 
make  a  large  contribution  to  the  integral  in  Eq. 

(10)  because  of  limited  range  over  which  it  occurs. 

To  estimate  the  value  of  Zt,  we  only  need  to  know 
the  distribution  function  in  the  resonant  region.  We 
have  previously  found  that  these  functions  can  be 
reasonably  approximated  by  a  simple  analytical 
form  for  states  in  the  resonant  region11 


nE)_,.,E)  Mth /iff) -/;(£)] 
■  '  -  *w  i  +  /i(i)( T5»+r,) 


/•<*>  2  (12b) 
where  /'(E)  is  the  equilibrium  distribution, 

rjgf  (l3) 

and  TJ*  is  defined  for  the  heavy- hole  band  analo¬ 
gous  to  Eq.  (13)  except  that  only  optical-phonon 
scattering  is  included. 

In  the  resonant  region,  the  distribution  functions 
in  Eqs.  (12a)  and  (12b)  have  a  peaked  structure 
owing  to  the  Lorentzian  factor  contained  in  p. 
Taking  the  other  factors  in  Eqs.  (12)  to  be  slowly 
varying  in  the  resonant  region,  we  approximate 

£-#„S£!i£.  (14) 

s*.  ak,  ' 

With  this  approximation  we  have 

(is) 

y*7S T,  '  ' 

and  thus  a  simple  analytical  expression  for  Z,.  To 
calculate  the  conductivity  we  must  also  evaluate 
the  derivative  of  Z,  with  respect  to  kt.  In  evaluat¬ 


ing  this  derivative,  we  take  the  factors  other  than 
0  to  be  slowly  varying  in  the  resonant  region  and 
take  the  change  in  0  to  occur  primarily  through  the 
Lorentzian  factor  which  depends  on  fi(E);  that  is, 
we  approximate 


3  Z,  9Zj  a  p  d!2 
ak,  =  80  ad  dk, ' 

With  this  approximation,  we  have 

3Z h  r  (Z1\']dn  2p 

9*f‘r*+T'Vr/JJd*.  (l+^(r,+  T,)]2 

n  -  ^ 

*  (fi-  u;)2  +  (i/ra)2 ' 


We  treat  the  factor  Z,,  which  appears  in  the  light- 
hole  contribution  to  the  conductivity  in  a  similar 
way.  We  note  that  the  expression  in  Eq.  (17)  is 
vanishingly  small  outside  of  the  resonant  region 
and  changes  sign  as  fl(k)  crosses  u>.  As  a  result 
this  term  tends  to  cancel  in  the  E- space  integra¬ 
tion.  The  inclusion  of  the  terms  containing 
BZt/ak,  and  3Z,/  ak,  makes  a  contribution  of  less 
than  20“i  to  the  calculation  of  the  photoinduced 
change  in  the  conductivity  at  the  highest  intensi¬ 
ties  we  consider. 


ni  RESULTS  OF  Ao(/| 

We  compute  the  conductivity  due  to  free  holes  by 
numerically  integrating  Eq.  (10).  For  very  lightly 
doped  (near  intrinsic)  samples,  we  also  include  a 
term  due  to  free  electrons.  We  assume  that  the 
electron  contribution  is  not  much  modified  by 
illumination  because  the  absorption  cross  section 
for  electrons  is  nearly  2  orders  of  magnitude 
smaller  than  that  for  holes.12 

In  Fig.  1  we  show  the  calculated  results  for 
(-Ac/ of)  vs  A’,  in  the  low- intensity  regime  where 
Ac  is  proportional  to  1.  The  calculation  was  done 
for  room-temperature  Ge  illuminated  by  A  =  10.6 
pm  light.  The  conductivity  has  decreased  upon 
illumination.  The  primary  effect  of  illumination 
on  the  hole  distribution  is  to  increase  the  popula¬ 
tion  of  high-energy  holes  in  the  heavy- hole  band. 

At  room  temperature  and  for  the  doping  levels 
considered  here,  hole-phonon  scattering  limits 
the  conductivity.  Since  hole-phonon  scattering 
rates  increase  with  increasing  hole  energy,  the 
conductivity  decreases  with  illumination.  For 
hole  densities  between  about  1014  and  4  x  101!  cm'*, 
(-Ac/o D  is  essentially  independent  of  A’,.  In  this 
region  hole- impurity  scattering  makes  a  negli¬ 
gible  contribution  to  the  scattering  rates.  For  hole 
densities  greater  than  about  4  *  101S  cm'2,  (-  Ac/ 
ol)  decreases  with  increasing  A',.  In  this  regime, 
hole- impurity  scattering  begins  to  play  a  role  in 
limiting  the  mobility.  Hole-impurity  scattering 
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FIG.  1.  Values  of  (-&0/0I)  versus  the  hole  concen¬ 
tration  in  p- Ge  for  CO2  laser  excitation  at  10.6  pm, 
room  temperature,  and  low  light  intensities.  The  cal¬ 
culated  values  of  ( -&o  /ol)  are  shown  by  the  solid 
curve.  The  experimental  data  are  taken  from  x.  Ref. 
4.  a.  Ref.  5;  a,  Ref.  6;  a.  Ref.  7.  and  c.  Ref.  9. 

Error  bars  are  reported  only  in  Refs.  5  and  7. 


FIG.  2.  Calculated  values  of  the  normalized  change 
in  the  conductivity  of  p  -Ge  versus  temperature  for  light 
at  10.6  pm,  a  hole  concentration  of  2.0  xl0“  cm*3,  and 
low-intensity  excitation.  The  experimental  data  are 
taken  from:  a.  Ref.  5  and  a.  Ref.  3.  Error  bars  are 
only  reported  in  Ref.  5. 


rates  decrease  with  increasing  hole  energy.  As  a 
result  the  fractional  increase  in  the  total  scatter¬ 
ing  rate  (hole- phonon  plus  hole- impurity)  does  not 
increase  as  much  with  increasing  hole  energy  in 
the  more  heavily  doped  samples.  In  addition,  the 
hole  distribution  is  not  as  strongly  modified  by 
illumination  of  a  given  intensity  in  the  more  heavily 
doped  samples  due  to  the  increase  in  hole-ionized- 
impurity  and  hole-hole  scattering  which  tends  to 
maintain  the  equilibrium  distribution.  For  hole 
densities  less  than  about  1014  cm*3,  (-  Ao/  erf)  de¬ 
creases  with  decreasing  hole  density.  This  de¬ 
crease  is  due  to  the  increased  contribution  to  the 
conductivity  of  free  electrons  whose  distribution 
is  not  strongly  modified  by  illumination.  (In  Ge 
at  300  K,  the  intrinsic  density  is  about  2  x  1013 
cm*3.) 

Also  Shown  in  Fig.  1  are  the  available  experi¬ 
mental  results.  There  is  considerable  variation 
in  the  results  reported  by  the  various  authors. 

Our  calculated  values  are  in  fairly  good  agree¬ 
ment  with  the  data  of  Gibson  el  al.*  and  those  of 
Maggs.“ 

In  Fig.  2  we  present  our  results  for  the  tempera¬ 
ture  dependence  of  (act/ct/)  for  a  hole  concentra¬ 
tion  of  2  x  10“  cm  *3.  We  choose  this  value  for  the 
hole  density  since  experimental  measurements  ex¬ 
ist  and  the  change  in  the  conductivity  was  observed 
to  change  sign  over  the  temperature  range  that 
was  reported.9  We  note  that  the  change  in  the  con¬ 
ductivity  is  negative  for  temperatures  greater 
than  about  100  K  and  becomes  positive  for  lower 
temperatures,  fo  the  higher-temperature  regime, 
hole-phonon  scattering  plays  a  greater  role  In  de¬ 


termining  the  momentum  relaxation  than  hole-im¬ 
purity  scattering,  and  thus  the  conductivity  de¬ 
creases  upon  illumination.  In  the  lower-tempera¬ 
ture  regime  hole- ionized- impurity  scattering 
dominates  the  momentum  relaxation  and  the  con- 
ducitivity  increases  upon  illumination.  The  tem¬ 
perature  at  which  Ac  changes  sign  depends  on 
the  doping  level.  At  lower  doping  levels,  the  sign 
change  in  Ao  occurs  at  lower  temperatures.  This 
effect  has  been  observed  experimentally.9  In  addi¬ 
tion,  we  note  that  the  magnitude  of  |Ac/cr/[  de¬ 
creases  as  the  temperature  increases  from  about 
150K.  This  decrease  is  due  to  an  increase  in  the 
rate  of  phonon  scattering  at  the  higher  tempera¬ 
tures.  As  a  result  of  the  increased  scattering 
rate,  the  hole  distribution  is  less  strongly  modi¬ 
fied  by  a  given  light  in  ensity  at  the  higher  tempera¬ 
tures.  The  experimental  results  of  Refs.  3  and  3 
are  included  in  Fig.  2.  The  data  show  the  same 
qualitative  features  as  the  calculated  results. 

The  calculation  gives  somewhat  larger  values  for 
i  Ac/cf  |  than  were  observed  in  Ref.  5.  From  Fig. 

1  we  note  that  the  room- temperature  results  re¬ 
ported  in  Ref.  5  are  systematicallly  smaller  than 
those  of  Refs.  4  and  9. 

Because  of  interest  in  the  performance  of  pho¬ 
ton-drag  detectors  at  high  laser  intensities ,**10 
we  also  examine  the  photoconductive  response 
of  p- Ge  at  intensities  for  which  saturation  effects 
are  important.  In  Fig.  3  we  present  the  results 
of  our  calculation  of  (-A0/0D  as  a  function  of 
for  different  light  intensities.  The  curve  for 
0.05  MW/cm’  is  in  the  linear  regime.  At  the 
higher  intensities,  (-A 0/0)  increases  with  in¬ 
creasing  intensity  at  a  rate  which  is  slower  than 
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hC_£  concentration  i:rr-'5: 


FIG.  3.  Values  of  (-Air/o/l  versus  the  hole  concen¬ 
tration  in  p- Ge  for  X  =10.6  pm  and  T  =300K.  The  solid 
curves  are  our  calculated  values  for  intensities  of  0.05 
(linear  regime),  1,  5,  and  10  MW/cm1. 


penmentally .  It  is  possible  that  this  saturation 
effect  could  account  for  some  of  the  variation  m 
the  experimental  results  shown  in  Fig.  1. 

IV  SUMMARY  AND  CONCLUSIONS 

We  have  presented  a  theory  of  the  photoconduc- 
tive  response  of  p-Ge  for  light  with  a  wavelength 
of  10.6  pm .  Values  of  (Aa/o/)  are  calculated  as  a 
function  of  doping  level  in  the  low- intensity  re¬ 
gime  at  room  temperature.  We  have  also  re¬ 
ported  the  temperature  dependence  of  (Ao  a/)  at 
a  fixed  hole  concentration  in  the  low-intensity 
regime.  The  effect  of  saturation  at  high  light  in¬ 
tensities  was  investigated.  The  theory  presented 
can  be  applied  to  other  p-type  semiconductors  with 
a  valence-band  structure  similar  to  that  of  Ge. 


linear.  The  nonlinear  behavior  is  due  to  satura¬ 
tion  of  the  intervalence- band  transitions.  The 
shapes  of  the  curves  at  any  given  intensity  are 
similar.  We  are  not  aware  of  any  direct  mea¬ 
surements  of  (A o/oD  at  these  high  intensities; 
however,  both  saturable  absorption1**10  and  non¬ 
linear  photon-drag  voltages**10  have  been  seen  ex- 
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We  present  i  theory  describing  the  laser-induced  change  in  the  real  part  of  the  complex  dielectric  constant  in  p  -Ge 
that  results  from  saturation  of  the  intervalence-band  transitions.  Calculations  are  performed  for  room  temperature 
and  for  light  with  a  wavelength  of  106  fin.  The  real  pan  of  the  dielectric  constant  is  found  to  increase 
monotonically  with  increasing  intensity.  The  magnitude  of  the  increase  is  directly  proportional  to  the  density  of  free 
holes.  The  intervaience-band  contribution  to  the  first-order  modification  of  the  real  part  of  the  dielectric  constant 
equals  the  intrinsic  contribution  at  a  doping  level  of  about  3x  10"  cm"1. 


I.  INTRODUCTION 

There  is  considerable  theoretical  and  experi  - 
mental  interest  in  nonlinear  optical  phenomena  in 
semiconductors,  particularly  with  those  effects 
which  are  connected  with  the  dependence  of  the 
complex  dielectric  constant  on  the  intensity  of 
the  light.  For  example,  the  saturable  absorption 
properties  of  p-type  Ge  have  been  used  to  achieve 
interstage  isolation  of  high-power  CO,  User  amp¬ 
lifiers'  and  to  passively  mode-lock  CO,  Users.*** 
Saturable  absorption  is  described  by  the  intensity 
dependence  of  the  imaginary  part  of  the  dielectric 
constant  (c,).  There  is  in  addition  an  intensity 
dependence  in  the  real  part  of  the  dielectric  con¬ 
stant  (c,).  These  User -induced  changes  in  the 
real  part  of  the  dielectric  constant  alter  the  dis¬ 
persive  properties  of  the  media  and  thus  modify 
the  spatial  and  temporal  behavior  of  the  User 
pulse.  Since  the  laser-pulse  shape  is  important 
in  many  applications  of  CO,  User  systems,  one 
needs  to  understand  the  changes  in  the  dispersive 
properties  Induced  by  the  high-intensity  beam.  An 
intensity  dependence  of  the  real  part  of  the  dielec¬ 
tric  consUnt  can  be  exploited  for  phase  conjuga¬ 
tion.  Phase  conjugation  in  the  CO,  User  frequency 
regime  using  Ge  as  the  nonlinear  medium  is  of 
current  interest.’ 

For  light  with  a  wavelength  near  10  pm,  the 
dominant  absorption  mechanism  in  p- Ge  is  due 
to  direct  free -hole  transitions  between  the  heavy - 
and  light-hole  bands.  These  resonant  transitions 
also  contribute  to  the  real  part  of  the  dielectric 
constant  (c,).  At  high  intensities,  the  absorption 
due  to  these  transitions  saturates1'***  owing  to  a 
modification  a f  the  free-hole  distribution  function. 
This  intensity -dependent  modification  of  the  dis¬ 
tribution  function  also  changes  the  contribution 
of  the  free-hole  transitions  to  «,.*  In  addition  to 
the  intensity  dependence  of  c ,  from  the  resonant 
intervalence -band  transitions,  there  is  an  intrin¬ 
sic  contribution  due  to  a  field  modification  of  the 
virtual  electron-hole  pair  creation  processes.10 


The  magnitude  of  the  resonant  intervalence -band 
contribution  depends  on  the  doping  level.  Both 
contributions  lead  to  an  increase  in  c,  with  in¬ 
creasing  intensity.  In  this  paper  we  present  a 
theory  of  the  resonant  intervalence-band  contri¬ 
bution  to  the  intensity  dependence  of  t,  in  p- Ge 
for  light  with  a  wavelength  of  10.6  pm.  We  find 
that  the  magnitude  of  the  resonant  intervalence- 
band  contribution  to  the  first-order  modification 
of  «,  equals  measured  values11  of  the  intrinsic 
contribution  at  a  doping  level  of  about  3x10"  cm*3. 
The  paper  is  organized  in  the  following  way :  in 
Sec.  □  we  present  our  theoretical  approach,  in 
Sec.  HI  we  give  the  results  for  p-Ge,  and  in  Sec. 

IV  we  summarize  our  conclusions. 

II.  THEORETICAL  APPROACH 

In  p- Ge,  light  with  a  wavelength  in  the  CO,  laser 
spectrum  induces  hole  transitions  between  the 
heavy-  and  light -hole  bands.  The  rate  of  transi¬ 
tions  is  proportional  to  the  population  of  free  holes 
in  the  heavy -hole  band  which  can  participate  in 
the  absorption  process.  For  even  lightly  doped  p- 
Ge  samples  (n,210m  cm*3),  these  direct  inter¬ 
valence-band  transitions  dominate  the  absorptive 
loss  for  wavelengths  near  10  pm.">13 

Since  both  energy  and  wave  vector  are  conserved 
in  the  direct  heavy-  to  light -hole  band  transitions, 
only  holes  in  a  narrow  region  of  lc  space  directly 
participate  in  the  absorption.  At  low  intensities, 
the  population  of  the  heavy-hole  states  involved 
In  the  optical  transitions  is  maintained  close  to 
the  equilibrium  value  by  the  various  scattering 
mechanisms.  However,  at  sufficiently  large  inten¬ 
sities,  the  population  of  the  pertinent  heavy -hole 
states  is  depleted.  This  modification  of  the  free- 
hole  distribution  is  responsible  for  laser -induced 
changes  in  the  complex  dielectric  constant. 

The  qualitative  dependence  of  the  free-hole  con¬ 
tribution  to  <,  on  the  excitation  intensity  can  easi¬ 
ly  be  anticipated.  Holes  in  states  whose  resonant 
optical  transition  energy  [c„(l?)  -  c,  (It)]  is  greater 
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than  the  photon  energy  (Ru)  lead  to  positive  con¬ 
tributions  to  eu  whereas  holes  in  states  whose 
resonant  energy  is  less  than  the  photon  energy 
lead  to  negative  contributions  to  e,.w  As  the  in¬ 
tensity  of  the  light  beam  is  increased,  the  holes  . 
are  excited  to  higher  energy  states  (on  the  aver¬ 
age)  which  have  larger  resonant  transition  ener¬ 
gies.  Thus  the  positive  contribution  to  e,  from 
holes  with  fe^l)  -  e,  ( k)]  >  Km  is  increased,  while 
the  magnitude  of  the  negative  contribution  to 
from  holes  with  [et(1c)  -e,(l)]<8u>  is  decreased 
which  leads  to  a  monotonic  increase  of  et  with 
increasing  intensity.  At  large  intensities,  the 
population  of  the  heavy -hole  states  whose  transi¬ 
tion  energy  is  resonant  with  the  photon  energy 
becomes  depleted  so  that  heating  of  the  hole  dis¬ 
tribution  saturates  at  large  intensities.  Thus 
increases  with  intensity,  but  the  rate  of  increase 
saturates  at  high  intensities. 

The  current  density  owing  to  the  intervalence- 
band  transitions  is  given  by15 
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fc)-cJ-t/T2( 
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where  I  labels  the  wave  vector,  the  subscripts 
h  ( l )  designate  the  heavy-  (light-)  hole  band,  Nt 
is  the  density  of  free  holes,  *ui  is  the  photon  ener¬ 
gy,  m  is  the  free-electron  mass,  /,{!)  is  the 
probability  that  a  hole  state  with  wave  vector  1 
is  occupied  in  band  i,  0(1)  is  the  angular  frequen¬ 
cy  associated  with  the  energy  difference  [€,(1) 
-£,(1)],  where  «,(!)  is  the  energy  of  a  hole  with 
wave  vector  1  in  band  *,  and  ?,,(!)  is  the  momen¬ 
tum  matrix  element  between  the  Bloch  states  in 
the  bands  b  and  c.  Here,  T2(l)  is  defined  as 


where  is  the  rate  at  which  a  hole  in  band  a 

with  wave  vector  1  is  scattered  into  a  state  in  band 
b  with  wave  vector  t. 

Using  Eq.  (1),  we  write  the  susceptibility  as  a 
second-rank  tensor  given  by 


The  imaginary  part  of  ^  describes  the  changes  in 
the  absorptive  properties  of  the  semiconductor, 
whereas  the  real  part  of  £  describes  the  changes 
in  the  dispersive  properties.  We  define 

(4) 


where  x‘  and  g*  are  assumed  to  be  real.  Thus, 
we  find” 
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Here,  the  intensity  dependence  is  contained  in 
the  distribution  functions  /„(  1)  and  /,(!).  At  low 
light  intensities,  ^  is  a  scalar  because  of  the  cubic 
symmetry  of  Ge.  For  high -intensity  polarized 
light,  the  cubic  symmetry  is  reduced  and  x  is 
described  by  a  second-rank  tensor. 

In  order  to  determine  the  intensity  dependence 
of  x' t  we  must  calculate  the  distribution  function 
for  free  holes  in  the  heavy-  and  light -hole  bands. 

In  Ge,  the  scattering  rate  for  free  holes  occurs 
on  a  subpicosecond  time  scale.  But  for  typical 
experimental  situations,  laser  beams  of  nano¬ 
second  pulse  widths  are  used.  Thus,  transient 
effects  are  damped  out.  UBing  the  results  of  Ref. 
16,  the  steady-state  difference  in  the  occupation 
probabilities  which  appear  in  the  expression  for 
*'(«,/)  is  given  by 
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where  we  have  introduced  the  auxiliary  functions 
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and  /J(l)  is  the  equilibrium  value  for  the  distribu¬ 
tion  in  band  c  with  wave  vector  1.  The  function 
0(1)  is  defined  as 
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where  /  is  the  light  intensity,  ?  is  the  polarization 
of  the  light,  and  e„  is  the  intrinsic  material  dielec- 
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trie  constant.  The  definition  of  0<t)  in  Eq.  (8) 
differs  slightly  from  that  of  Ref.  18  because  we 
have  not  averaged  over  polarizations.  As  a  result 
the  distribution  function  which  we  calculate  here 
depends  on  the  polarization  of  the  light  and  does 
not  have  cubic  symmetry.  The  calculational  ap¬ 
proach  however  is  the  same  as  that  of  Ref.  16. 
Some  of  the  results  we  present  here  are  lor  un¬ 
polarized  light.  In  this  case  we  average  Eq.  (8) 
over  polarizations.17 

UL  CALCULATION  AND  RESULTS 

We  calculate  the  intensity  dependence  of  the 
real  part  of  the  susceptibility  due  to  resonant 
intervalence-band  transitions.  The  results  quoted 
in  this  section  for  An(f )  or  AejCf)  refer  to  only 
this  contribution.  There  is  an  additional  intrinsic 
contribution  which  is  to  be  added  to  our  results. 
There  may  also  be  heating  effects  in  any  particu¬ 
lar  experiment.  One  can  determine  the  contribu¬ 
tion  from  thermal  effects  using  measured  values 
of  dn/dT.  The  thermal  effects  can  be  eliminated 
by  using  short  laser  pulses. 

In  order  to  calculate  the  occupation  probability 
that  a  hole  state  is  occupied,  it  is  necessary  to 
know  the  free-hole  scattering  rates.  For  the  hole 
concentrations  and  temperatures  at  which  most 
saturable  absorption  experiments  have  been  per¬ 
formed,  phonon  scattering  is  the  dominant  scat¬ 
tering  mechanism.  The  phonon  scattering  rates 
were  treated  in  the  manner  of  Ref.  15.  The  one- 
hole  energies  and  momentum  matrix  elements 
are  determined  by  degenerate  perturbation 
theory.1*  The  cyclotron  resonance  parameters 
of  Henzel  and  Suzuki1*  were  used.  Using  the 
steady-state  solution  for  the  difference  in  the 
occupation  probabilities,  we  integrate  Eq.  (5) 
to  determine  the  laser -induced  changes  in  the 
real  part  of  the  susceptibility. 

The  real  part  of  the  susceptibility  is  calculated 
numerically  far  A  *  10.6  pm  and  T  -  300  K.  Using 
Eq.  (5)  we  can  calculate  *'(/)  for  any  polarization 
of  the  light.  Explicit  values  of  x'Cf)  are  calculated 
for  the  case  of  unpolarized  light" and  for  the  polari¬ 
zation  along  the  [100]  and  [110]  directions. 

For  unpolarized  light  the  second-rank  tensor  x' 
becomes  a  scalar,  since  any  orientational  depen¬ 
dence  has  been  averaged  out  when  we  averaged 
over  the  directions  of  the  vector  potential.11  The 
values  of  x'(/)  Increase  monotonically  with  in¬ 
creasing  intensity  due  to  changes  in  the  distribu¬ 
tion  of  free  holes.  Room -temperature  valueB  of 
x’U)/x'U*0)  are  given  in  Fig.  1  for  Intensities 
between  0  and  60  MW/cm'.  At  low  intensities 
W  ll  *  0)/nJ  is  equal  to  1.4  x  10**°  cm*  [x'  (/=0) 
is  proportional  to  Nj. 


FIG.  1.  Calculated  values  of  (I)/x‘  ( I  =0)  as  a  func¬ 
tion  of  Intensity  for  uspolarized  light  in  p-Ce.  The 
calculation  was  done  for  light  with  a  wavelength  of  10.6 
Mm  and  a  temperature  of  300  K. 


FIG.  2.  The  top  panel  gtvee  the  calculated  values  of 
the  obaage  in  the  real  pert  of  the  dielectric  conetant 
(divided  by  the  denaity  of  free  holes)  as  a  function  of  in¬ 
tensity  for  p- Ge  at  X>10.6  pm,  T  *300  K,  and  for  un- 
polarlzed  light.  The  corresponding  values  for  the  change 
In  the  index  of  refraction  are  given  in  the  lower  panel . 


23 


LASER!  KO  L  C  E  D  CHANCES  IN  THE  DJSPERSIVE. 


4047 


Laser-induced  change*  in  *'(<*>)  can  be  measured 
by  observing  change*  in  the  Feai  part  of  the  di¬ 
electric  constant,  which  determine  the  dispersive 
properties  of  the  medium.  The  real  part  a(  the 
complex  dielectric  constant  e,  is  given  by 

«l*«o +  <»*'*  (9) 

Values  t or  the  change  in  e*  can  be  measured  by 
studying  threshold  values  tor  seif -focusing  (for 
dzjdl  positive).  In  Fig.  2  we  show  the  calculated 
results  for  Ac,  and  the  corresponding  results  for 
the  change  in  the  index  of  refraction,  An,  for 
unpolarized  light  with  a  wavelength  of  10.6  pm 
at  300  K.  The  changes  in  e,  and  in  n  are  directly 
proportional  to  the  free-hoie  density.  We  find 
that  £,  and  n  are  increasing  functions  of  intensity. 

The  intrinsic  contribution  to  dn/dl  in  Ge  has 
recently  been  measured  to  be  about  1x10**  cm2/ 
MW.11  The  resonant  intervalence -band  contribu¬ 
tion  to  dn/dl  is  intensity  dependent.  In  the  lower  - 
intensity  region  the  change  in  n  is  linear  in  / .  For 
hole  densities  greater  than  about  3x10“  cm'9,  the 
resonant  intervalence -band  contribution  is  larger 
than  the  intrinsic  contribution  at  the  lower  inten¬ 
sities. 

In  Fig.  3  we  show  the  calculated  results  for  the 
diagonal  components  of  (A e,/N,)  as  a  function  of 
intensity  for  light  polarized  in  the  [100]  and  [110] 
directions.  For  the  case  at  [100]  polarization  the 
coordinate  axes  are  chosen  to  be  the  crystal  axis 
of  the  sample.  In  this  coordinate  system,  the 
off-diagonal  components  of  e,  vanish  as  at  low 
intensities.  There  is  a  small  difference  in  the 
values  of  (et)„  and  (c,)_  [(«,)„  =  («,)„  in  this  case] 
due  to  the  polarization  dependence  of  0(1)  in  de¬ 
termining  the  distribution  of  holes  in  the  heavy - 
and  light-hole  bands.  For  the  case  at  [110]  polari¬ 
zation,  the  x  axis  is  taken  in  the  [110]  direction, 
the  y  axis  in  the  [lTO]  direction,  and  the  z  axis 
in  the  [001]  direction.  In  this  coordinate  system 
c,  is  diagonal.  There  is  a  small  difference  in  the 
values  of  the  three  diagonal  components.  Overall, 
from  Fig.  3  we  see  that  the  effects  of  polarization 
on  Ac,  are  rather  small. 

The  change  in  c,  with  intensity  is  due  to  the 
change  in  the  distribution  at  hole  states.  The 
diagonal  components  of  «,  increase  monotonically 
with  increasing  intensity.  From  Eq.  (S),  we  see 
that  values  of  1  for  which  Q(l)  >  u>  lead  to  a  posi¬ 
tive  contribution  to  y’  and  thus  to  e,,  whereas 
values  of  1  for  whiclt  0(1)  <  u>  lead  to  a  negative 
contribution  to  y'.  Under  optical  excitation,  the 
holes  occupy  higher-energy  states  than  in  equili¬ 
brium.  Thus  for  the  higher-energy  states  with 
0(D>w,  the  difference  in  occupation  probabilities 
[/*(!)  -/)( D1  is  on  the  average  enhanced  com¬ 
pared  to  the  equilibrium  value,  whereas  for  states 


FIG.  3.  Calculated  values  of  the  diagonal  elements  of 
AC|  (divided  by  the  free -hole  density)  as  a  function  of  in¬ 
tensity  on  p- Ge  at  300  K  tor  light  with  a  wavelength  of 
10.6  pm.  In  the  top  panel  the  result  for  [100]  polariza¬ 
tion  la  shown.  The  coordinate  system  la  chosen  to  be 
the  crystal  axis;  et  la  diagonal  In  this  coordinate  sys¬ 
tem.  In  the  lower  panel  the  result  for  (110)  polarization 
la  shown.  For  this  panel,  the  x  axis  Is  In  the  [110[  di¬ 
rection,  the  y  axis  U  In  the  [llo]  direction,  and  the  t 
axis  la  In  the  [001]  direction.  In  this  coordinate  system 
ct  la  diagonal. 

with  0(1  )<  w  the  difference  in  occupation  probabil¬ 
ities  is  decreased  compared  to  the  equilibrium 
value.  Hence  the  positive  contributions  to  «,  from 
terms  with  0(1)  >  u>  is  increased  by  illumination, 
and  the  magnitude  of  the  negative  contribution  to 
e,  from  terms  with  0(1) <u>  is  decreased  by  il¬ 
lumination.  Consequently,  e,  monotonically  in¬ 
creases  with  Increasing  Intensity.  As  the  intensity 
incresses,  the  increase  in  is  slower  than  linear 
due  to  saturation  of  the  intervalence -band  tran¬ 
sitions.  That  is,  dzjdl  decreases  with  intensity 
(but  it  is  always  positive)  because  the  population 
of  the  heavy -hole  states  in  the  resonant  region 
of  the  heavy -hole  band  becomes  depleted  at  high 
intensities  and  thus  the  heating  of  the  hole  distri¬ 
bution  saturates  with  Intensity. 

From  the  results  tor  Ae^C/),  together  with  the 
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intrinsic  contribution,  one  can  determine  the  effect 
of  self ‘focusing  actions  in  nonlinear  optics  exper¬ 
iments  using  p- Ge.  The  importance  of  self-focus* 
ing  in  any  given  experimental  situation  must  be 
independently  analyzed  since  it  depends  on  the 
doping  level,  the  intensity  range,  the  sample  thick¬ 
ness,  and  the  beam  profile. 

For  two  laser  beams  incident  on  a  Ge  sample, 
as  in  a  pump-probe  experiment,  the  light  intensity 
is  modulated  in  space  and  time  due  to  the  inter¬ 
ference  of  the  two  beams.  Since  the  index  of  re¬ 
fraction  is  a  function  of  intensity,  it  is  modulated 
by  the  oscillating  intensity.  The  periodic  varia¬ 
tion  of  the  index  of  refraction  leads  to  a  coupling 
i  the  two  beams.  This  coupling  can  influence 
the  transmission  of  the  beams  which  may  be  im¬ 
portant  in  the  analysis  of  a  pump-probe  experi¬ 
ment. 

Many  semiconductors  have  a  valence-band  struc¬ 
ture  which  is  similar  to  that  of  Ge  and  an  intensity 
dependence  in  \  should  be  present  in  these  mater¬ 
ials.  The  theory  presented  here  should  apply  for 
these  materials  as  well  as  for  Ge. 

IV.  SUMMARY  AND  CONCLUSIONS 

We  have  presented  a  theory  describing  the  inten¬ 
sity  dependence  of  the  real  part  of  the  dielectric 


constant  in  p- Ge  due  to  modifications  of  the  tree- 
hole  distribution  function  by  the  high-intensity 
CO,  laser  light.  We  find  that  the  high -intensity 
light  alters  the  optical  isotropy,  and  the  suscepti¬ 
bility  becomes  a  second-rank  tensor  with  elements 
which  depend  on  both  the  intensity  and  the  polari¬ 
zation  of  the  saturating  beam.  These  changes  in 
the  susceptibility  are  directly  proportional  to  the 
concentration  of  free  holes  in  the  sample.  The 
diagonal  components  of  the  susceptibility  increase 
monotonically  with  increasing  intensity.  At  high 
light  intensities,  the  increase  in  is  slower  than 
linear  due  to  saturation  of  the  intervalence -band 
transitions.  The  magnitude  of  the  resonant  inter¬ 
valence-band  contribution  to  the  first-order  mod¬ 
ification  of  n  equals  measured  values  of  the  in¬ 
trinsic  contribution  at  a  doping  level  of  about 
3x10“  cm"’. 
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We  report  the  observation  in  Hg,  _  .Cd^Te  of  band-to-band,  band-to-acceptor,  and  donor- 
acceptor  luminescence  for  material  of  x  m  0.32  and  0.5,  and  bound  exciton  recombination 
luminescence,  for  material  of  x  =  0.5.  The  band-to-band  lineshape  and  variation  in  intensity  with 
pump  power  are  appropriate  to  an  electron-hole  plasma  with  recombination  proceeding  without 
wave  vector  conservation.  Differences  between  the  spectra  among  the  four  0.5  samples  studied  are 
attributed  to  variations  in  the  Hg  vacancy  concentration.  Shifts  in  luminescence  energy  across  one 
of  the  x  =  0.32  samples  imply  a  change  in  composition  across  the  surface  of  the  sample  of  0.03 
cm-1.  The  absence  of  bound  exciton  luminescence  in  the  x  =  0.32  samples  is  consistent  with 
theoretical  calculations  by  Osbourn  and  Smith  showing  a  radiative  efficiency  of  20%  for  bound 
excitons  in  materia)  of  this  composition  and  90%  for  x  =  0.48  material.  From  line  shape 
separations,  we  estimate  acceptor  binding  energies  of  14.0  ±  1.0  and  15.5  ±  2.0  meV  in  x  =  0.32 


and  0.48  materials,  respectively,  and  donor  binding 
respectively. 

PACS  numbers:  78.55.Hx,  71.35.  +  x,  71.55.Dp 

I.  INTRODUCTION 

Photoluminescence  spectra  have  been  widely  used  as  a  meth¬ 
od  for  studying  the  properties  of  II-VI  semiconductors.1 
However,  the  photoluminescence  spectra  for  Hg,  _,Cd,Te 
has  not  been  explored  extensively. :J  Recently  we  have  initi¬ 
ated  a  study  of  the  photoluminescence  spectra  of  HgCdTe 
with  x  values  less  than  0.5  J 

In  this  manuscript  we  summarize  a  series  of  luminescence 
experiments  that  we  have  carried  out  on  HgCdTe.  Spectra 
were  taken  on  bulk-grown  samples  ofx  =  0.32  andx  =  0.48, 
and  on  an  epitaxial  sample  with  x  =  0.51. 

II.  EXPERIMENTAL  TECHNIQUE 

Spectra  were  taken  over  the  temperature  range  of  5  to  30 
K  for  a  wide  range  of  pump-laser  power  densities  A  me¬ 
chanically  chopped  Ar*  ion  laser  was  used  to  create  excited 
electrons  and  holes  in  the  samples.  The  samples  were  moun  t- 
ed  in  a  cryogenic  dewar  The  light  emitted  by  the  sample  was 
focused  onto  the  slits  of  a  grating  spectrometer  and  was  de¬ 
tected  with  a  solid-state  detector.  The  slit  width  used  for 
most  of  the  spectra  gave  an  energy  resolution  of  —  1  meV. 
An  InAs  detector  was  used  for  the  x  =  0.48  and  0.51  materi¬ 
al,  and  an  InSb  detector  was  used  for  the  x  =  0.32  material. 
The  detector  output  was  fed  into  a  lock-in  amplifier,  with  a 
signal  from  the  mechanical  chopper  used  as  a  reference 
signal. 

III.  RESULTS 

Figure  1  is  a  spectrum  showing  luminescence  intensity  as 
a  function  of  emitted  photon  energy  for  Sample  1  which  has 
a  composition  of  x  ■>  0.48.  This  sample  is  n  type,  with 
Ne  —  Na  m  101'  cm  “  V  This  spectrum  show's  ell  of  the  dif 
ferent  luminescence  lines  we  have  observed  in  the  material. 
The  line  at  the  highest  energy  in  the  figure  has  the  character- 
_ iatics  of  band-to-band  recombination  luminescence  We  at- 


energies  of  1.0  ±  1.0  and  4.5  ±  2.0  meV, 


tribute  the  line  at  the  lowest  energy  to  donor-acceptor  re¬ 
combination  below  — 10  K,  and  to  free  electron-to-bound 
hole  recombination  at  higher  temperatures  where  a  substan¬ 
tial  fraction  of  the  donors  are  ionized.  The  line  at  the  inter¬ 
mediate  energy  has  the  characteristics  of  bound  exciton  re¬ 
combination  luminescence. 

The  shift  of  the  line  peaks  with  temperature  provides 
much  of  the  information  necessary  to  identify  the  mecha¬ 
nisms  responsible  for  the  luminescence.  Figure  2  summa¬ 
rizes  the  peak  positions  for  the  sample  of  Fig  1  for  a  variety 
of  temperatures  and  pump  powers  The  points  for  a  given 


FlC  I.  Spectrum  of  Hj,,  ,,Cd„  JT*  showing  photoluminescence  intensity 
vs  photon  energy  with  the  sample  at  IJ.9K  The  high  energx  peak  is  due  to 
band-to-band  recombination  The  low  energy  peak  is  due  to  s  combination 
of  donor  acceptor  and  band-to-aeceptot  luminescence  The  intermediate 
energy  line  is  due  to  bound  esciton  luminescence  The  sample  was  "-type, 
with  .Ve  -  N,~  10”  cm"  ’. 
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band  at  one  pump  power  are  connected  together  as  an  aid  to 
the  eye.  The  band-to-band  peak  shifts  toward  higher  energy 
at  a  rate  equal  to  3  kt ,  where  k,  is  Boltzmann's  constant. 
The  bound  exciton,  on  the  other  hand,  does  not  shift  at  all 
within  the  uncertainty  of  the  measurement.  Tne  low  energy 
impurity  related  line  shifts  very  little  below  10  K,  especially 
at  the  two  lowest  pump  powers.  Then  it  shifts  rapidly  above 
10  K. 

TV  '••eak  shift  of  the  band-to-band  line  is  consistent  with 
an  ek  m-holc  plasma  recombining  without  wave  vector 
conservation.  This  mechanism  predicts  a  line  peak  which 
shifts,  in  the  nondegenerate  limit,  at  a  rate  equal  to  2  kM, 
While  this  is  not  quite  enough  to  match  the  shift  observed,  it 
is  a  better  match  than  could  be  obtained  with  other  mecha¬ 
nisms.  For  example,  an  electron-hole  plasma  in  which  the 
wave  vector  is  conserved  during  recombination  would  shift 
at  a  rate  of  only  $  kt.  A  shift  of  the  band  gap  with  tempera¬ 
ture  may  explain  some  of  the  additional  shift.  Another  piece 
of  evidence  for  recombination  without  wave  vector  conser¬ 
vation  is  that  the  predicted  lineshape  fits  the  data  reasonably 
well  at  30  K.  The  carrier  density  was  the  only  parameter 
varied  which  affected  the  shape  and  width  of  the  fit,  and  the 
value  of  the  carrier  density  needed  to  fit  the  observed  width 
of  the  line  was  consistent  with  that  estimated  from  the 
pump-laser  power  density. 

The  factors  that  identify  the  intermediate  energy  line  as 
bound  exciton  luminescence  are  the  lack  or  shift  as  tempera¬ 
ture  is  varied  and  a  rapid  decrease  in  intensity  as  tempera¬ 
ture  is  raised.  Since  the  peak  does  not  shift  with  temperature, 
the  electron  and  hole  involved  in  the  recombination  must  be 
bound.  However,  the  rapid  decrease  in  intensity  with  respect 
to  the  other  lines  indicate  that  the  binding  energy  is  small. 
Both  of  these  properties  are  characteristic  of  bound  exciton 
recombination  luminescence. 

The  lack  of  shift  of  the  low  energy  peak  at  low  tempera¬ 
tures  again  indicates  that  bound  panicles  are  involved  in  the 
recombination  However,  the  luminescence  is  deeper  than 
for  the  bound  exciton  line,  and  the  line  width  is  much  great¬ 
er,  pointing  to  donor-acceptor  pair  recombination.  The  rap¬ 
id  shift  in  energy  of  the  line  peak  above  10  K  comes  about 


Fig.  2  Summary  of  luminescence  band  peak  energies  «  temperature  of 
Hfc  „  Cd*  „  T«  al  three  different  pump  power*  for  the  lample  of  Ftj  1  The 
tee  between  data  point!  are  drawn  as  a  visual  aid.  and  connect  points  men¬ 
tored  at  different  temperatures  for  one  type  of  luminescence  band  at  one 
pump  power  Error  ban  are  given  where  sigmffcam,  the  uncertainty  is  due 
_ to  overlap  between  bands 


the  weakly  bound  donors  become  thermally  ionized 
The  widths  of  the  donor-acceptor  luminescence  and  the 
free -electron  to  bound-hole  luminescence  lines  are  too  broad 
compared  to  the  donor  binding  energy  to  resolve  each  as  a 
separate  line. 

Three  other  samples  of  x  =  0.  J  material  were  studied.  The 
results  of  the  luminescence  experiments  are  similar  for  these 
samples  as  for  the  sample  described  above,  but  there  are  a 
few  differences  in  some  of  the  samples.  Sample  2  wasp  type 
with  iV4  -A^-10'5  cm-1.  Sample  3  was  p  type  with 
SA  -  SD  -  lO"’  cm-5,  and  Sample  4  was  an  epitaxial  sam¬ 
ple  grown  on  a  CdTe  substrate.5  The  bound  exciton  was  ob¬ 
served  in  samples  2  and  4  but  was’not  observed  in  sample  3 
The  other  luminescence  lines  were  observed  in  all  the 
samples. 

Sample  3,  in  addition  to  showing  no  bound  exciton  lumi¬ 
nescence,  also  had  a  very  weak  band-to-band  line  in  com¬ 
parison  ta^mple  1,  under  similar  pump-laser  power  densi-  ^ 
ties  and  temperatures.  This  difference  could  be  explained  by 
a  higher  defect  density  in  sample  3  than  in  sample  1.  The 
added  defects  could  directly  cause  the  difference  by  being  the 
acceptor  responsible  for  the  luminescence,  or  indirectly  by 
reducing  the  free  carrier  lifetime  by  promoting  nonradiative 
recombination.  Hg  vacancies  are  a  likely  candidate  for  the 
defect.  Evidence  for  this  explanation  is  provided  by  the  evo¬ 
lution  of  the  spectrum  from  sample  2.  Originally,  the  sample 
showed  a  strong  bound  exciton  line  at  low  temperature.  Pri¬ 
or  to  many  of  the  luminescence  experiments  on  the  sample, 
its  surface  was  etched  briefly  in  a  weak  bromine-methanol 
solution,  since  this  procedure  was  found  to  enhance  the  lu¬ 
minescence  signal.  After  a  period  of  several  months,  and 
several  etchings,  the  bound  exciton  signal  was  no  longer  ob¬ 
served,  and  the  luminescence  signal  resembled  that  observed 
from  sample  3.  AH  of  the  bulk  grown  samples  were  annealed 
in  a  Hg  atmosphere  after  growth,  which  reduced  the  earner 
concentration  in  a  thin  surface  layer,5  presumably  by  reduc¬ 
ing  the  Hg  vacancy  concentration.  Therefore,  it  is  likely  that 
the  interior  of  sample  2  (and  all  of  the  other  bulk-grown 
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Fic  J  Spectrs  of  Hg^Cd^Te  showing  photolumi-iescetiee  intensity  vs 

photon  energy  For  spectrum  (b).  the  pump  User  was  10  mm  above  its 
position  for  spectrum  (at.  and  for  (cl.  2  5  mm  above  its  position  for  spectrum 
(a)  The  shift  in  energy  between  (a)  and  (c)  implies  a  shift  in  composition  for 
0.0) cm' '. 

(Njwia  ‘  4v,‘ 

V*.-.  V’  -C  e  V4.  ■'1  V 

V 


camples)  had  a  much  higher  Hg  vacancy  concentration,  than 
the  region  near  the  surface.  Therefore,  the  etchings  gradual¬ 
ly  exposed  material  with  a  higher  vacancy  concentration, 
which  changed  the  luminescence  signal.  The  similarity  be¬ 
tween  the  spectra  in  sample  3  and  the  spectra  in  sample  2 
after  etching  indicates  that  sample  3  had  a  higher  vacancy 
concentration  to  begin  with,  which  was  responsible  for  the 
dominance  of  the  defect  related  band. 

The  spectra  observed  from  sample  4,  the  epitaxial  sample, 
were  similar  to  those  observed  from  sample  I  and  from  sam¬ 
ple  2  before  etching.  However,  the  band-to-band  line  was 
much  more  intense  at  comparable  pump  power  densities 
than  in  the  other  two  bulk-grown  samples  This  may  indicate 
a  much  lower  overall  defect  density  for  the  epitaxial  sample. 

The  data  for  the  x  =  0.32  material  is  shown  in  Fig.  3.  The 
band-to-band  and  electron-to-bound  hole  lines  are  observed 
in  this  material.  This  figure  shows  luminescence  spectra 
fromap-typex  *  0.32 sample,  with#,  —  ND  —  lO'-'cm-3.1 
The  three  spectra  shown  in  this  figure  were  all  taken  at  the 
same  pump  power  and  temperature.  The  only  thing  varied 
between  the  spectra  was  the  position  of  the  pump  beam  on 
the  surface  of  the  HgCdTe  wafer.  Using  measured  relation¬ 
ship  between  composition  and  band  gap,6  the  composition 
gradient  is  estimated  to  be  0.03  cm  ” 1  for  this  sample. 

The  major  difference  between  thex  =  0.5  samples  and  the 
x  =  0.32  samples  is  that  the  bound  exciton  luminescence  line 
was  not  seen  in  either  of  the  two  x  =  0.32  samples  studied. 
One  possible  explanation  for  this  absence  is  provided  by  a 
calculation  of  the  radiative  efficiency  of  bound  exciton  lumi¬ 
nescence  1  This  calculation  shows  that  the  radiati  ve  efficien¬ 
cy  in  x  =  0.32  material  is  20%,  much  smaller  than  the  90% 
radiative  efficiency  for  bound  exciton  luminescence  in 
x  =  0.48  material. 

The  energy  differences  between  the  lines  allow  estimates 
of  the  donor  and  acceptor  binding  energy.  From  the  separa¬ 
tion  between  the  band-to-band  line  and  the  band-to-bound- 
hole  line,  we  estimate  14.0  ±  1.0  and  15.5  ±  2.0  meV  in 
x  *  0.32  and  0.48  material,  respectively,  for  the  acceptor 


binding  energies  Values  of  1.0  ±  1.0  and  4.5  ±  2.0,  respec- 
.  tively ,  were  obtained  for  the  donor  binding  energies  from  the 
energy  difference  between  the  donor-acceptor  and  band-to- 
bound  hole  line  positions. 

IV.  CONCLUSIONS 

fn  summary,  we  have  observed  luminescence  from  band- 
to-band  transitions,  donor-acceptor  transitions,  and  free 
eleetron-to-bound-hole  transitions  in  x  =  0.32  and  x  =  0.5 
Hg!  _ ,  Cd,Te  We  have  observed  bound  exciton  recombina¬ 
tion  luminescence  inx  =  0.5  material.  The  variation  in  com¬ 
position  across  the  surface  of  a  sample  was  measured  using 
photoluminescence.  Finally,  donor  and  acceptor  binding  en¬ 
ergies  were  estimated  from  the  data.  A  more  extensive  report 
of  this  work  is  contained  in  Refyfif  A- , 
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We  compute  the  cross  section  for  the  transition,  induced  by  the  absorption 
of  light,  of  acceptor  bound  holes  to  states  in  the  split-off  valence  band 
in  Ge.  We  find  good  agreement  with  the  available  low  temperature  optical 
absorption  data. 


At  lov  temperature  in  p-type  Ge,  holes  are 
bound  to  shallov  acceptors.  Transitions  from 
the  bound  acceptor  levels  to  states  in  the  split- 
off  valence  band  determine  the  optical  absorption 
in  the  spectral  region  from  about  30C  to  LOO  meV. 

The  absorption  due  to  this  process  has  been  ob¬ 
served  in  boron  doped  Ge  at  L.2°k  by  Pokrovski i 
and  Svistunova  '  ^ .  However,  these  authors 
interpreted  their  results  in  terms  of  a  free  hole 
picture.  There  was  substantial  discrepancy 
between  the  free  hole  calculation  and  the  experi¬ 
mental  data;  the  calculation  predicted  a  much 
narrower  absorption  band  than  was  observed. 

In  the  free  hole  picture,  the  initial  and 
final  states  are  Bloch  functions  in  the  heavy  and 
split-off  hole  bands,  respectively.  The  transi¬ 
tion  conserves  wavevector  and  hence  only  one  final 
state  is  possible  for  a  given  initial  state.  At 
lov  temperature,  only  those  levels  very  close  to 
the  zone  center  are  populated,  restricting  transi¬ 
tions  to  a  small  region  of  the  split-off  band. 

The  absorption  spectrum  is  consequently  predicted 
to  be  sharply  peaked  at  the  spin  or*  t  splitting 
energy.  By  contrast,  when  the  h«*  initially 

bound  it  no  longer  has  a  unique  •  '^vector. 

Rather,  there  is  an  amplitude,  given  by  an  envelope 
function,  to  occupy  a  range  of  Bloch  states  near  the 
valence  band  edge.  For  a  bound  initial  state  there 
is  a  set  of  final  states  possibly  which  span  a  range 
in  energy.  Thus,  the  spread  in  k  space  of  the 
envelope  function  is  reflected  in  an  irreducible 
energy  width  for  the  absorption  spectrum  (2,3), 

In  this  communication  we  present  a  calculation 
of  the  cross  section  for  photoionizing  acceptor 
bound  holes  to  states  in  the  split-off  band. 

The  absorption  cross  section  per  hole  is  given 
by 
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hole.  We  take  as  basis  functions  at  the  zone  cen¬ 
ter  those  multiplets  which  arise  from  diagonalizing 
the  spin-orbit  interaction  among  the  states 

and  denote  by  $  (c)  this  fourfold  set  degenerate 
at  the  band  edge.  Moving  out  into  the  Eriliouir 
zone  "pseudo-Bloch  functions"  (5,6)  are  defined 

as 


ik*r 


.00 


(2a) 


with 


♦  ,00  *  ♦  ,(<>)  -  £  t 

J  j  ■»  . 


|u Xu  |k~pie,(c)> 


(2k) 


where  |u.>  is  a  Bloch  function  at  the  zone  center 
in  band  £  with  energy  relative  to  the  valence 
band  edge.  The  hole  wave  function  in  this  repre¬ 
sentation  can  be  written  as 


|ln>  =  Z  c"  (k)  X  (k) 
k,J  J  J 


(3) 


where  n  is  a  label  for  the  hole  quantum  numbers. 
The  fourier  transform  of  the  expansion  coeffi¬ 
cients 
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where  I  and  F  represent  the  initial  and  final 
state  vsvef unctions  with  energies  Ej  and  E^, , 
respectively;  n  is  the  index  of  refraction, 
fi  is  the  photon  polarization  vector  and  the  other 
symbols  have  their  usual  meaning. 

The  evaluation  of  the  acceptor  eigenfunctions 
is  complicated  by  the  degenerate  structure  of  the 
valence  band  in  Ge.  In  the  limit  of  large  spin- 
orbit  splitting  only  the  four  states  at  the  top  of 
the  band  need  be  considered  to  describe  the  bound 


with  H  the  kxk  effective  mass  Hamiltonian  for 
the  valence  band  and  e^/e  r  the  screened  impurity 
potential. 

To  approximate  the  solutions  of  E q.  (kb)  we 
use  the  spherical  model  of  Baldereschi  and 
Llpari  The  effective  mass  hamiltonian  is 

split  into  a  component  with  full  rotational  sym¬ 
metry  plus  a  small  term  invariant  under  the  cubic 
point  group.  Only  the  spherically  symmetric  part 
is  retained.  The  spectrum  of  eigenvalc  s  is  such 
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that  the  first  excited  level  lies  a  significant 
fraction  of  the  binding  energy  above  the  ground 
state.  For  k^T  <<  (E^  is  the  binding  energy) 

only  the  ground  state  will  be  occupied  with  non- 
negligible  probability.  With  appropriate  phases 
for  the  X,'k),  the  ground  state  envelope  function 

is  given  by 
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state  continuum,  the  solutions  for  G  (r)  with 
boundary  conditions  for  photoionizatfon  are  the 
well-known  coulomb  wave  functions.  Neglecting 
the  acceptor-hoi e  interaction,  6  (r)  reduces  to 
a  plane  wave.  s 

The  optical  matrix  element  for  a  transition 
from  the  acceptor  ground  state  to  the  split-off 
band  continuum  is 

F  F 

<f  ln*p|i  z>  -  i  MP’s>a<G  (r)|r  IF  z(r)> 
s  i  n  s  a  j 


where  the  constants  M~'S'a  are  defined  by 

h  I  M^’s,q  k  =  (k) |n*p|#,(k)>  .  (6t) 

a  n  J 

The  overlap  of  n#p  between  the  periodic  parts  of 
the  pseudo-Bloch  functions  is  given  by 


The  orbital  angular  moment urn ,  L,  is  coupled 
with  the  "spin  3/2",  J,_^of  £  (oj  (jeJ  )  to  form  the 
total  angular  momentum  F  -  J,  andZ<IMJj  jUFF  > 
is  a  Clebsch-Gordon  coefficient.  The  acceptor  z 
ground  state  nas  four  degenerate  solutions  each 
with  a  definite  value  of  F  .  The  radial  functions, 
f  and  g  ,  satisfy  a  set  of  coupled  differential 
equation?  '?)  vhich  must  be  solved  variationally. 
Since  we  are  interested  only  in  the  ground  state 
we  adopt  as  trial  functions  Slater  orbitals  (in 
contrast  to  Baldereschi  and  Lipari  who  use 
gaussians)  possessing  the  correct  asymptotic  depen¬ 
dence  at  the  origin  and  infinity: 

10  -a.r  10  -a.  r 

f  (f)  s  I  A.e  1  and  g  (r)  *=  r  £  B.e  1 
0  1  °  i 


The  a.  are  a  fixed  set  of  exponents  chosen  to  cover 
a  vide  range  and  the  coefficients  ,  and 
are  variationally  determined.  The  energy  eigen¬ 
value  obtained  by  this  procedure  is  9.72  meV  (com¬ 
pared  to  9.73  meV  quoted  in  Ref.  7)  and  the  ex¬ 
perimental  value  for  boron  in  Ge  is  10.5  meV  (9). 

The  final  state  pseudo-Bloch  functions  are 
given  by 
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where  A  is  the  spin-orbit  splitting  (295  meV), 
s  labels  the  two-fold  degeneracy  of  the  split-off 
band  and  the  final  9tate  wave  function  is  expanded 
as  in  Eq.  (3).  The  fouriers  transform,  G  (r), 
of  the  expansion  coefficients  satisfies  a  rela¬ 
tion  identical  tc  Eq.  (Ub)  except  that  H  is  re¬ 
placed  by  the  appropriate  effective  mass  hamlltonian. 
(The  equations  for  the  two  bands  decouple).  The 
problem  is  identical  to  that  of  an  electron  in  an 
attractive  coulomb  field  (scaled  by  an  effective 
Bohr  radius)  and  the  solution  has  bound  as  well  as 
continuum  levels.  Focusing  momentarily  on  the  final 
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The  matrix  elements  appearing  in  Eq.  (9)  are 
evaluated  in  terms  of  the  valence  band  effective 
mass  parameters  as  determined  by  cyclotron 

resonance ^ ^ ^ .  The  first  two  terms  combined 
are  symmetric  in  the  components  n  kfi  and  the  ad¬ 
ditional  contribution  proportiona?  to  A  may  be  re¬ 
written  as  the  sum  of  symmetric  and  antisymmetric 
parts.  It  arises  because  we  take  the  states  at 
the  zone  center  to  be  approximated  by  the  correct 
zero' th  order  linear  combination  of  simple  group 
©  spinor  basis  functions  which  diagonalizes  the 
spin-orbit  interaction.  We  adopt  this  procedure 
because,  owing  to  the  weak  acceptor  binding  and 
strong  spin-orbit  coupling  in  Ge,  we  are  primari¬ 
ly  interested  in  the  small  k  region  where  the 
k*p  perturbation  is  less  than  the  spin-orbit 
perturbation.  or  consistency,  the  splitting 
of  the  I\5  intermediate  states  is  explicitly 
taken  into  account  in  the  first  two  terms  of  Eq. 
(9). 


Ve  follow  the  usual  procedure  of  restricting 
the  sun  in  Eq.  (9)  to  the  nearest  intermediate 
state  of  a  given  synmetry .  The  contribution  pro¬ 


portional  to 


i+E 


is  then  calculable  for  the 


T1  and  M  intermediate  states  whose  energie^.  , 
relative1?©  the  valence  band  are  well  knovr. 
Quantities  second  order  in  the  spin  orbit  inter¬ 
action  are  ignored,  as  is  the  small  effect  of  the 
more  remote  and  T ^  bands. 
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The  dispersion  rexation  for  the  flail  state 
energies  obtained  la  the  ease  order  of  approxiaa- 
tioa  Is 

c§0  -  -(A  ♦•fi2k2/2a*o)  (10a) 

with 

«/a*o  «  ♦  Ty  *  ZR^y  (10b) 


F  and  B.  are  the  Dresselhaus-Kip-Klttel  k*p 
eters,  y  ”  A/3(er,+A)10  and  y'«A/3(cr  +&). 


where 

parameters, 

‘2  ‘15 

It  Is  evident  from  Eq.  (8a)  that.  In  direct 
analogy  with  atomic  processes,  parity  and  angular 
momentum  selection  rules  are  determined  by  the 
transformation  properties  of  p  and  the  envelope 
functions.  The  initial  state  is  a  coherent  sub 
of  s  and  d  waves;  the  final  state  contains  all 
partial  waves.  Thus  only  transitions  from  s  to 
p  wave  and  d  to  p  or  f  wave  are  allowed.  The 
radial  integrals  which  are.escountered  can  be 
evaluated  In  closed  form 

When  averaged  over  the  initial  four-fold 
degeneracy  and  signed  over  the  final  states  in 
the  split-off  band,  the  cross  section  is  inde¬ 
pendent  of  the  direction  and  polarization  of  the 
incident  light  owing  to  the  cubic  syasetry  of 
the  crystal.  The  results  are  illustrated  in 
Pig.  (1)  '*3).  For  coaqmrison,  the  cross  section 
neglecting  acceptor-hole  interaction  in  the 
final  state  is  also  presented.  The  threshold 


PHOTON  ENERGY  (meV! 


figure  1.  Calculated  pbotoionisatlon  cross  sec¬ 
tion  vs.  photon  energy  in  Oe.  Transitions  are 
from  bound  acceptor  levels  to  coot  Inina  states  in 
the  aplit-mff  valence  bead.  Comparison  of  the 
two  curves  llluetrates  the  effect  of  the 
accept cr-bele  interaction  in  the  final  state. 


value  is  finite  when  the  impurity  charge  is  in¬ 
cluded  in  the  final  state  as  is  typical  for  a 
coulomb  potential.  Bote  that  the  coulomb  curve 
is  broader  and  its  peak  lower  in  relation  to  the 
plane  wave  curve  than  is  the  case  in  the  analagou 
results  for  the  photo-effect  in  hydrogen.  The 
primary  reasons  for  this  are:  (i)  the  smaller 
effective  mass  of  the  split-off  band  as  compared 
to  the  heavy  hole  ness  and  (11)  the  large  value 
of  the  spin-orbit  splitting  relative  to  the 
acceptor  ionization  energy. 

Ve  now  consider  the  effect  of  bound  levels 
in  the  split-off  band,  ftie  initial  hole  will 
couple  to  all  such  p  and  f  states.  The  lowest 
of  these,  the  2p,  lies  roughly  1.3  meV  below  the 
continuun  threshold.  The  finite  hole  lifetime  in 
the  split-off  band  introduces  a  Lorentzlan  broad¬ 
ening  with  a  FWHM  of  about  8.6  meV  ***'.  There¬ 
fore,  any  fine  structure  produced  by  transitions 
to  the  bound  levels  will  be  vashed  out  and  only 
their  integrated  contribution  to  the  cross  section 
is  of  interest.  A  sun  rule  may  be  used  to  calcu¬ 
late  this  quantity.  Specifically,  multiplying 
Eq.  (1)  by  u  and  integrating  over  all  frequencies 
one  obtains  the  same  result  for  both  the  complete 
set  of  coulomb  solutions  and  plane  wave  final 
states .  Thus , 

(uXJ_(id)  dm  *  uo  (id)  du  -  wo  (id)  du 
B  J  pw  J  cv 

(11) 


where  0_(id)  is  the  acceptor  to  bound,  o  is  the 
acceptor  to  coulomb  wave  continuum  and  8  (id) 
is  the  acceptor  to  plane  wave  cross  section, 
respectively.  The  photon  energy  is  essentially 
constant  over  the  range  of  o  (id).  One  can 
therefore  approximate 


i  r 
*  r2+ttm>-hfl)2 


(12a) 


with 

•hfl  -  A+Ejj  -  £  E^  (12b) 

I 

Here  E_  is  the  binding  energy  of  a  hole  in  the 
splJt-Sff  band  and  2F  is  the  FWHM  of  the 
Lorentzlan.  The  energy  Integral  of  o_(id) 
was  found  to  be  10.2xl0"1°  meV  cm2. 

In  Fig.  (2),  we  show  the  total  lifetime 
broadened  cross  section.  The  experimental  data 
is  that  of  Pokrovski!  and  .Svist unova  for  Ge  at 
k.2°  K  doped  with  6.6X1016  cm”3  boron.  The 
theory  and  data  are  in  qualitative  agreement 
sharing  a  similar  broad  shape.  The  calculated 
curve  peaks  somewhat  above  the  experimental 
points  near  threshold  falling  slightly  below 
them  at  higher  energies.  One  expects  this  kind 
of  behavior  since  the  model  bamiltonian  scawwhat 
underestimates  the  acceptor  binding  energy. 

Bo  parameters  were  adjusted  in  our  calcula¬ 
tion  to  improve  agreement  with  experiment.  The 
absolute  normalisation  of  the  data  was  reported 
to  only  one  significant  figure  and  the  impurity 
concentration,  recalling  the  large  spatial  extent 
of  acceptor  states  in  Oe,  was  relatively  high. 
There  may  be  seme  uncertainty  in  the  final  hole 
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Figure  2.  Photoionization  cross  section  vs.  photon 
energy  in  Ge.  Theory  includes  transition  to  hound 
and  continuum  levels  in  the  split-off  valence 
band.  Broadening  due  to  finite  hole  lifetime  is 
included.  Experimental  points  are  from  Ref.  [1). 


lifetime  broadening  and  in  the  precise  value  of 
the  spin  orbit  energy  which  determines  the 
position  of  the  continuum  threshold.  In  view  of 
these  considerations,  theory  and  experiment  are 
in  reasonable  quantitative  agreement. 

To  conclude,  ye  have  calculated,  in  the 
spherical  model  of  shallow  impurity  states, 
the  cross  section  for  photoionization  of  acceptor 
bound  boles  in  Ge  and  find  that  the  dominant 


features  of  the  observed  low  temperature  optical 
absorption  spectrum  are  well  accounted  for. 
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ABSTRACT 

We  present  calculations  of  the  intensity  dependence  of  the  free 
carrier  absorption  in  semiconductors  by  high  intensity  light  with  a  wave¬ 
length  near  10um.  The  paper  is  divided  into  two  sections:  the  first  sec¬ 
tion  examines  the  nonlinear  absorptive  and  dispersive  properties  associated 
with  free-hole  transitions  in  semiconductors,  and  the  second  section  pre¬ 
sents  calculations  of  the  nonlinear  absorption  associated  with  f ree-el ectron 
intraband  transitions  in  germanium.  The  dominant  free  hole  absorption  of 
CO2  laser  light  for  most  p-type  semiconductors  with  the  diamond  or  zinc- 
blende  crystal  structure  is  direct  intervalence-band  transitions  where  a 
hole  In  the  heavy-  (or  light-)  hole  band  absorbs  a  photon  and  makes  a 
direct  transition  to  another  band  within  the  valence  band  structure.  The 
absorption  coefficient  due  to  this  mechanism  is  found  to  decrease  with 
increasing  intensity  in  a  manner  closely  approximated  by  an  Inhomogeneous ly 
broadened  two-level  model.  We  present  detailed  results  for  the  saturation 
behavior  of  germanium  as  a  function  of  temperature,  wavelength,  and  doping 
density.  Calculated  values  for  the  Intensity  dependence  of  the  index  of 
refraction  and  low  frequency  conductivity  are  presented.  Calculated  values 

Present  address:  Honeywell  Systems  and  Research  Center,  Mall  Code: 

MN17-2328,  2600  Rldgway  Parkway,  Minneapolis,  Minnesota  55413. 


-2- 


of  the  saturation  intensity  are  also  given  for  most  of  the  other  Groups  IV 
and  III-V  semiconductors.  In  several  n-type  semiconductors,  the  dominant 
absorption  for  lOum  light  Is  free-electron  Intraband  absorption  where  an 
electron  absorbs  a  photon  and  Is  excited  to  a  state  in  the  same  band.  The 
Interaction  of  the  electron  distribution  with  the  high- intensity  light 
Increases  the  average  energy  of  the  electrons  and  lea  is  to  an  Increase  in 
the  free-carrier  cross  section.  For  sufficiently  high  intensities,  a 
significant  fraction  of  the  electron  density  in  the  interaction  region  can 
have  an  energy  greater  than  the  band  gap  (relative  to  the  conduction  band 
minimum)  by  successive  one-photon  intraband  transitions.  These  hot  elec¬ 
trons  can  relax  by  creating  an  electron-hole  pair  by  an  impact  ionization 
process.  This  can  lead  to  the  formation  of  an  optically  induced  plasma  and 
an  abrupt  increase  in  the  absorption  coefficient  for  light  well  below  the 
band  gap  of  the  material.  Calculated  threshold  values  for  the  formation  of 
a  laser-induced  plasma  by  this  impact  ionization  process  are  presented  for 
germanium  as  a  function  of  the  lattice  temperature  and  wavelength  of  the 
CO2  laser  light. 
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I.  INTRODUCTION 

There  is  considerable  theoretical  and  experimental  interest  in  non¬ 
linear  optical  phenomena  in  semiconductors,  particularly  with  those  effects 
which  are  connected  with  the  dependence  of  the  complex  dielectric  constant 
on  the  intensity  of  the  light.  In  this  paper  we  present  a  theory  describing 
the  intensity  dependence  of  the  absorptive  and  dispersive  properties  asso¬ 
ciated  with  free  carriers  In  semiconductors  for  light  with  wavelength  in 
the  9-lljim  region,  which  corresponds  to  the  COg  laser  spectrum. 

When  radiation  at  a  given  frequency  interacts  with  a  material  with  an 
electronic  transition  near  that  frequency,  a  resonant  interaction  occurs, 
and  several  nonlinear  phenomena  associated  with  the  resonance  may  result. 

For  materials  in  thermal  equilibrium,  the  radiation  is  absorbed  as  it 
propagates  through  the  medium,  resulting  in  the  attenuation  of  the  wave. 

The  decay  of  a  wave  propagating  In  the  z-dlrection  Is  given  by 

■gj  ■  -ol  .  (1) 

Here,  I  is  the  light  Intensity,  and  a  is  the  absorption  coefficient.  At 
low  light  intensities  (linear  regime),  the  absorption  coefficient  is  inde¬ 
pendent  of  the  light  intensity;  however,  at  sufficiently  high  Intensities, 
the  absorption  becomes  a  nonlinear  function.  We  examine  the  intensity 
dependence  of  the  complex  dielectric  constant  associated  with  free  elec¬ 
tron  and  free  hole  transitions  for  below  bandgap  radiation.  Detailed 
results  of  the  calculation  are  presented  for  germanium  for  which  nonlinear 
optical  data  at  10.6  vm  Is  fairly  extensive. 
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The  absorption  of  CO2  laser  light  by  free  carriers  in  germanium  should 
be  divided  into  two  categories,  the  absorption  associated  with  free  hole 
carriers  and  the  absorption  associated  with  free  electron  carriers.  Exper¬ 
imentally,  It  has  been  observed  that  the  absorption  of  10um  light  by  free 
holes  decreases  with  Increasing  Intensity,*  and  that  the  absorption  of  10um 
light  by  free  electrons  Increases  with  increasing  Intensity.  Both  of 
these  nonlinear  optical  properties  have  practical  uses. 

The  nonlinear  infrared  absorption  exhibited  by  many  p-type  semiconduc¬ 
tors,  such  as  Ge,  has  several  applications  in  the  control  of  lasers  to  ob¬ 
tain  large  peak  output  powers.  For  example,  the  saturation  of  the 
Intervalence-band  absorption  allows  passive  mode  locking  of  a  CO2  laser  by 
Inserting  a  slice  of  a  suitable  p-type  semiconductor  into  the  optical  path 
of  the  cavity.  The  saturable  absorber  causes  the  laser  to  oscillate  in  a 
pulsed  fashion,  since  this  mode  of  oscillation  undergoes  less  loss  than  one 
in  which  the  energy  is  spread  more  uniformly.  That  is,  the  loss  is  a  mini¬ 
mum  when  the  phases  of  the  oscl llating  modes  are  locked  and  the  energy 
distribution  inside  the  resonator  corresponds  to  a  narrow  traveling  pulse 
with  a  period  equal  to  the  round  trip  transit  time  of  the  resonator. 
Experiments  have  demonstrated  that  a  CO2  laser  with  p-Ge  as  a  saturable 
absorber  can  be  used  to  generate  passively  mode-locked  pulses  of  sub¬ 
nanosecond  duration,4"6  where  the  pulse  duration  Is  limited  by  the  gain 
Unewldth  of  the  laser.  Considerably  shorter  pulses  should  be  possible  by 
operating  the  laser  at  higher  pressures.6 

The  saturable  absorption  characteristics  of  p-type  semiconductors  have 
also  been  used  to  achieve  Isolation  of  high  power  CO2  oscillator-amplifier 

7.0 

systems,  which  Is  Important  for  amplifier  stabilization  and  the  suppression 
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of  spurious  oscillations.  Ideally,  the  isolation  device  would  prevent 
spontaneous  lasing  in  the  high  gain  amplifiers  and  suppress  retrodi rected 
signals  which  can  arise  from  windows  and  targets  as  well  as  other  pulsed 
laser  systems  in  a  multiple  beam  irradiation  experiment.  Here,  one  would 
like  the  material  to  attenuate  low-level  oscillations  and  reflections, 
while  the  material  would  be  transparent  to  the  high  intensity  pulses  which 
are  to  be  amplified. 

The  saturable  absorption  property  of  p-Ge  has  also  been  used  to  tem- 

0 

porally  compress  laser  pulses.  The  low  Intensity  tail  of  a  pulse  sees  a 
higher  absorption  coefficient  while  the  peak  of  the  pulse  propagates  rela¬ 
tively  unattenuated,  which  leads  to  a  pulse  shortening  effect.  The  long 
tail,  characteristic  of  CO2  TEA  oscillators,  can  be  removed  by  the  larger 
linear  absorption  of  the  crystal. 

The  nonlinear  absorption  observed  in  n-type  semiconductors,  such  as 
n-type  germaniian,  has  been  used  to  amplify  reflected  COg  laser  light  via 
degenerate  four-wave  mixing  in  an  optically  induced  free  carrier  plasma.10 
The  laser  heats  the  free  carrier  distribution  to  a  point  where  the  higher 
energy  electrons  can  relax  by  creating  an  electron-hole  pair  by  an  impact 
Ionization  process.  This  process  can  lead  to  the  formation  of  an  optically 
Induced  plasma  and  to  an  abrupt  increase  In  the  absorption  coefficient  for 
light  well  below  the  bandgap  of  the  material.  The  increase  in  the  absorp¬ 
tion  coefficient  associated  with  the  free  carriers  Is  believed  to  have  an 
Important  effect  In  limiting  the  efficiency  of  a  spin-flip  InSb  laser  at 
high  pump  Intensities.11  This  nonlinear  phenomena  also  presents  a  funda¬ 
mental  limitation  to  the  usefulness  of  n-type  semiconductors  (such  as  Ge, 
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SI,  and  GaAs)  as  optical  grade  components  In  the  Infrared. 


The  paper  is  presented  in  the  following  way.  We  first  discuss  the 
intensity  dependence  of  the  absorption  coefficient  and  index  of  refraction 
associated  with  free  hole  transitions  in  p-Ge,  as  well  as  other  p-type 
semiconductors.  Parts  of  this  section  will  be  a  review  of  the  authors' 
research  results  which  have  been  previously  published  in  other  shorter 
papers.  The  second  half  of  the  paper  presents  new  results  for  the  nonlinear 
absorption  associated  with  free  electron  Intraband  transitions  in  germanium. 
Both  calculations  require  knowledge  of  the  free  carrier  distribution  func¬ 
tion  as  a  function  of  the  light  Intensity;  however,  the  excitation  mecha¬ 
nisms  are  different  for  the  two  types  of  carriers. 

II.  SATURATION  OF  INTERVALENCE-BAND  TRANSITIONS 

In  p-type  germaniun,  direct  free-hole  transitions  between  the  heavy- 
and  light-hole  bands  are  primarily  responsible  for  the  absorption  of  light 
in  the  6-25um  region.  At  high  light  intensities,  absorption  due  to  these 
Intervalence- band  transitions  has  been  found  to  saturate  in  p-Ge.1,7"9,12 
In  this  section  we  summarize  a  theory  of  the  saturation  behavior  of  heavy- 
hole  band  to  light-hole  band  transitions  in  p-type  semiconductors  as  a  func¬ 
tion  of  the  light  Intensity.  Detailed  nunerlcal  results  are  presented  for 
the  Intensity  dependence  of  the  absorption  coefficient  of  p-Ge  (the  material 
In  which  the  effect  has  been  most  frequently  observed  experimentally). 

The  theory  Is  also  used  to  describe  the  laser-induced  change  In  the 
real  part  of  the  complex  dielectric  constant  In  p-Ge  that  results  from 
saturation  of  the  Intervalence- band  transitions.  We  find  that  the  presence 
of  a  saturable  beam  alters  the  optical  Isotropy  of  p-Ge,  where  the  changes 
in  the  dispersive  properties  depend  on  the  intensity  and  polarization  of 


the  beam.  A  nonlinearity  of  this  form  manifests  itself  in  a  dependence  of 
the  index  of  refraction  on  the  light  intensity.  This  causes  beam  self- 
focusing  (de-focusing)  in  regions  where  a  beam  "sees"  a  higher  (lower)  index 
of  refraction  at  the  center  of  the  Gaussian  beam  profile  than  at  the  tails. 
We  show  explicit  values  for  the  intensity  dependence  of  the  index  of  refrac¬ 
tion  for  light  at  10.6wm  and  room  temperature  conditions. 

In  previous  work,  seturable  absorption  in  p-type  semiconductors  had 
been  described  by  modeling  the  valence  bands  as  an  ensemble  of  two-level 
systems  whose  level  populations  approach  one  another  at  high  light  Intensi¬ 
ties.12”*4  This  two-level  model  predicts  that  the  dependence  of  the  absorp¬ 
tion  coefficient  as  a  function  of  intensity  is  given  by 
o_(ui) 

0(1,0.)  «-7r  .°-7.7- -  ,  (2) 

V 1  +  1/Is(w) 

where  o^u.)  Is  the  absorption  coefficient  at  low  Intensity,  and  ls(u>)  is 

the  saturation  intensity.  The  behavior  described  in  Eq.  (2)  was  found  to 

be  reasonably  well  satisfied  experimentally,  and  values  of  I s (a>)  were  deter- 

mined.  *  However,  attempts  to  calculate  Is(w)  as  a  function  of  photon 
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energy  using  the  two-level  model  and  a  multi  step  cascade  relaxation  gave 
results  that  disagree  with  experiment/  In  section  A,  we  review  the  results 
of  a  theory  of  saturable  absorption  in  p-type  semiconductors  which  realis¬ 
tically  accounts  for  the  anisotropic  and  nonparabolic  band  structure.  Our 
calculated  results  are  In  good  agreement  with  Eq.  (2),  and  values  of  Is(u) 
deduced  from  the  calculation  are  in  good  agreement  with  experiment. 

A.  Theoretical  Approach 

The  valence  band  structure  for  small  k  Is  determined  by  degenerate  k*p 
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perturbation  theory  using  a  method  developed  by  Kane  based  on  measured 
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values  of  the  cyclotron  resonance  parameters.16  In  Figure  1  the  valence 
band  structure  of  germanium  is  shown  for  small  k  in  the  [100]  direction. 

There  are  three  bands,  each  of  which  is  two-fold  degenerate.  The  six  bands 
correspond  to  states  constructed  from  the  atomic  p  f unctions  of  the  indivi¬ 
dual  atoms  times  the  two  spin  functions,  spin  up  and  spin  down.  The  heavy- 
(h)  and  light-  (t)  hole  bands  are  degenerate  at  k«0,  and  the  split-off  hoi 
band  (s)  Is  separated  at  k»0  from  the  heavy-  and  light-hole  bands  by  the 
spin-orbit  interaction.  Here,  the  spin-orbit  Interaction  lowers  the  two 
j  *  1/2  bands  with  respect  to  the  four  j  «  3/2  bands. 

For  a  given  direction  in  k-space,  the  heavy-hole  band  may  be  taken  as 
parabolic,  the  light-hole  band  effective  mass  Increases  with  energy,  and  the 
split-off  hole  band  effective  mass  decreases  with  energy.  These  qualitative 
features  also  hold  for  the  valence  band  structures  of  other  semiconductors 
with  the  diamond  or  zlncblende  structure;  however,  the  effective  masses  and 
spin-orbit  splittings  are  different  for  the  various  materials. 

We  now  consider  the  absorption  processes  in  p-Ge  at  room  temperature. 

At  x*10.6um,  the  interval ence-band  absorption  cross  section  in  Ge  Is  6.8  x 
10"*6  cm^.1^  The  Intra valence-band  absorption  cross  section,  estimated  from 
Drude-Zener  theory  Is  about  10"17  cm2,  and  the  absorption  coefficient  from 
multiphonon  absorption  is  about  0.03  cm-1.18  Thus,  for  hole  concentrations 
greater  than  10*5  cnr^,  intervalence-band  absorption  is  1  to  2  orders  of 
magnitude  greater  than  the  other  absorption  processes.  Similar  intervalence- 

band  absorption  has  been  observed  In  several  other  p-type  semiconductors  as 
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well;  however,  the  range  of  wavelengths  which  correspond  to  the  three 
sets  of  Intervalence-band  transitions  vary  for  the  different  materials. 
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Both  energy  and  wavevector  are  conserved  in  the  intervalence-band 
optical  transitions.  Thus,  only  holes  in  a  narrow  region  of  the  heavy-hole 
band  can  directly  participate  in  the  absorption,  and  the  absorption  coef¬ 
ficient  is  governed  by  the  population  of  these  hole  states.  The  optical 
transitions  tend  to  deplete  the  population  of  the  pertinent  heavy-hole 
states.  At  low  intensities,  the  population  of  heavy-hole  states  involved 
in  the  optical  transition  is  maintained  close  to  the  equilibrium  valae  by 
various  scattering  processes.  However,  as  the  intensity  becomes  large, 
scattering  cannot  maintain  the  equilibrium  population  of  these  heavy-hole 
states,  and  they  become  depleted.  As  a  result  the  absorption  saturates  at 
high  intensity.  To  determine  the  saturation  characteristics  of  the 
intervalence-band  transitions,  it  is  necessary  to  set  up  rate  equations  for 
the  hole  distribution  function  in  the  heavy-  and  light-hole  bands. 

For  the  hole  concentrations  and  temperatures  at  which  most  saturabl** 
absorption  measurements  have  been  performed  (room  temperature  and  Nh  < 
4x10*5  cm-3),  hole-phonon  scattering  is  the  dominant  relaxation  mechanism. 
We  first  consider  only  hole-phonon  scattering.  (Hole-impurity  and  hole- 
hole  scattering  are  later  included  so  the  theory  can  be  applied  to  more 
heavily  doped  material.)  The  system  can  then  be  described  by  the 
Hamiltonian 


H  «  Hfl  +  V  +  Y(t)  , 


rt0  *  Hei  +  Hph  . 


(3a) 


(3b) 


where 
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and 

Y(t) 


5c^)‘P 


(3c) 


Here  He)t  describes  the  free  holes,  Hph  describes  the  phonon  system,  V  is  the 
hole-phonon  interaction,  and  Y(t)  describes  the  interaction  of  the  holes 
with  the  electromagnetic  field.  The  electromagnetic  field  is  described  by 
the  vector  potential  A;  in  the  Coulomb  gauge  A  satisfies  the  wave  equation 


w2,  d  A  4* 

7  A  -  -7  — ?**~ 

cr  3t‘ 


(4) 


where  J  is  the  current  density  induced  by  the  intervalence-band  transitions. 


(5) 


Here  is  the  hole  density,  ois  the  one-hole  density  matrix,  and  P*  is 
the  off-diagonal  (including  only  intervalence-band  matrix  elements)  part  of 
the  hole  momentum  operator. 

Vie  consider  the  low-hole  density  limit  and  take  the  Hamiltonian  to  be 
given  by  Eq.  (3).  The  density  matrix  of  the  whole  system  p(t)  satisfies 

|f»^-LH,p]  .  (6) 

az  fi 

We  are  Interested  In  the  electronic  part  of  the  problem.  The  lattice  can 
be  considered  as  a  surrounding  medium  and  regarded  as  large  and  dissipative. 
In  general,  to  calculate  the  time  evolution  of  physical  observables,  we 
would  need  to  know  the  density  matrix  of  the  whole  system  p(t).  But  since 
the  effects  of  the  interaction  with  the  incident  light  on  the  free-holes 
are  quickly  dissipated  by  the  lattice,  and  since  the  lattice  (which  acts  as 
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a  heat  bath)  is  not  significantly  heated  over  the  duration  of  the  interac¬ 
tion,  we  write  the  density  matrix  p(t)  as  the  product  of  an  operator  c(t) 
describing  the  free-hole  density  matrix  and  an  operator  Pl  describing  the 
lattice  in  equilibrium.  Then  p(t)  *  o(t)P|_.  Using  standard  approximations 
one  finds 

-1 

(7) 

-^2  J  dt'  Trl  [VI(t)*  [viCf).  Oj(t)  PL]]. 
o 

Here  the  subscript  I  signifies  that  an  operator  is  in  the  Interaction 
representation,  and  signifies  a  trace  over  lattice  modes. 

From  Eq.  (7),  one  can  see  thato(t)  is  diagonal  in  wavevector.  Prior 
to  laser  excitation,  c(t)  has  the  equilibrium  value  which  is  diagonal  in 
wavevector.  Taking  matrix  elements  of  Eq.  (7),  we  see  that  the  time  deri¬ 
vative  of  any  matrix  element  of  doj(t)/dt  which  is  off-diagonal  In  k  is 
equal  to  a  sum  of  terms,  all  of  which  are  proportional  to  a  matrix  element 
of  oj(t)  which  is  off-diagonal  in  k.  Thus,  when  the  equation  is  Integrated 
In  time,  all  off-diagonal  in  k  matrix  elements  of  oj(t)  vanish.  This 
result  Is  to  be  expected  since  the  electromagnetic  field  leads  to  tran¬ 
sitions  between  states  with  the  same  wavevector. 

We  define 

<bk|o|b’k>  -  obb,(k)  ,  (8) 

where  k  labels  the  wavevector,  and  b  Is  the  band  Index.  Taking  matrix  ele¬ 
ments  of  Eq.  (7),  dropping  nonresonant  terms,  and  returning  to  the 

26 

Schrodinger  representati on  gives 
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itcW~,t)  *  '  i  CY(k,t),  o(k,t)]| 


bb 


“c*.  ^Rbk*ck'  °bb(-»t)  -  Rck'-bk  Ccc(-'*t^  » 

for  the  band  Index  diagonal  matrix  elements  of  0,  and 

|f0bb'^,t^  m  '  i  ^l(k)  +  Y(k,t),  o(k,t)]bb, 


“TJTkT^b1^  • 


(9a) 


(9b) 


for  the  off-diagonal  matrix  elements.  Here 

T^fkT  *  *,  CRhk*ck*  +  RtUck'3  *  (9C 

where  Rak-»bk'  is  the  rate  at  which  a  hole  in  band  a  with  wavevector  k  is 
scattered  into  a  state  in  band  b  with  wavevector  k',  h(t)  refers  to  the 
heavy-  (light-)  hole  band,  and  Y(k)  and  Hei(k)  are  defined  analogous  to  Eq. 
(8). 

Using  the  equations  for  the  time  evolution  of  0,  the  current  density 
owing  to  Intervalence-band  transitions  is  found  (see  Ref.  26  for  details) 
to  be  determined  by 


*  Vs>  <cc<s>  -  s«i» 

71  m  c  be 

«  <i-?bc(S>  ?cb<kJ  ♦Ebc5’-pcb(!S)>  • 


(10) 
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Here  eb(k)  is  the  energy  of  a  hole  in  band  b  with  wavevector  k,  tin(k)  is 
(e^{k)  -  Et(k)),  we  rename  the  diagonal  elements  of  the  hole  density  matrix 
fb(k),  and  J(k)  Is  the  part  of  J  which  includes  only  those  terms  in  the 
trace  with  wavevector  k  (jC  J(k)  ■  J). 

Eq.  (10)  is  the  basic  equation  describing  the  absorption  and  disper¬ 
sion  for  the  medium.  We  find  that  the  current  density  acts  as  a  harmonic 
oscillator  of  frequency  fi  driven  by  the  electric  field  through  a  coupling 
coefficient  proportional  to  the  population  difference  for  a  given  state 
with  wavevector  k.  One  Important  conclusion  Is  that  the  ability  of  the 
vector  potential  to  drive  the  current  density  is  decreased  as  the  probabil¬ 
ity  of  occupation  of  states  In  the  heavy-  and  light-hole  bands  become  more 
nearly  equal.  This  constitutes  the  physical  basis  for  the  observed  non¬ 
linear  absorption.  Another  important  point  is  that  in  the  absence  of  the 
applied  Interaction,  the  current  density  will  be  damped  because  of  the 
internal  dephasing  of  the  individual  dipoles  through  the  interaction  with 
the  lattice,  given  by  the  constant  T2. 

Assuning  both  A  and  J (k)  oscillate  In  time  with  angular  frequency  w, 
we  have 


N  6fc 

I  (fh(k)  -  f,(k))  I 
mzcti  k  h  1  '  w 


**?bc?cb  +  VfcbEbc 


be  (QZ(k)-J)  -  1  2w/T2(k) 


o(k). 


(ID 


Oue  to  the  peaked  behavior  of  Eq.  (11),  the  primary  contribution  to  the 
current  density  Is  from  states  In  the  heavy-  and  light-hole  bands  with  an 
energy  difference  f»0(k)  that  does  not  differ  greatly  from  the  photon  energy 
flu;  thus,  we  write 


-‘-bc-cb  *  -*£ct£bc 


5;(Vt)-f»(t»s  eT5ifHSi^7ffrg 


(12) 


Using  Eq.  (12),  we  write  the  susceptibility  as  a  second-rank  tensor  given 
by 


X(w,I) 

% 


(fh(k)  -  f-(k))  r 
n  1  be 


-cb^bc  4  ?bc?cb 
('o(jc)  -«)  -  i/T2(k) 


(13) 


The  Imaginary  part  of  X  describes  the  changes  In  the  absorptive  properties 
of  the  semiconductor,  and  the  real  part  of  X  describes  the  changes  In  the 
dispersive  properties.  We  define 

X  •  X*  +  IX"  ,  (14) 

*  *  % 

where  x*  and  xM  are  real.  Thus,  we  find 
«  % 


V 


x'U.I)  --T-r^V10  -  (I  Wbc+C-C) - aH  - - 2  • 

4  2mZuS  k  h“  *-  bc  ~cb-bc  (0(k).w)z+(i/T2(k))Z 


(15) 


and 


X  ■(«,!) 


V 


2m' 


n  1/T2(k)  (16) 

h"  s(fh(k)-f,(k))  (r  PcbPb  +c.c.) - - y. 

fu2*  k  h  1  bc~cb~bc  Q(k)-u)Z  +  (1/T2(k))z 


Here,  the  Intensity  dependence  In  the  susceptibility  Is  contained  In  the 
distribution  functions  fb(k)  and  f*(k). 

For  a  plane  wave  vector  potential, 

a  .  a  ,«‘-r  -**)  , 
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the  absorption  coefficient  Is  given  by 


(17) 
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o(I,a.) 


4* 


2 


uc 


x  i(fh(k)  -  ft(k))|?ht(k)|2 


l/(fwr  T2(k)) 

(Q(k)-U)2  ♦  (1/T2(k))2  * 


(18) 


where  the  squared  momentum  matrix  element|PhA(k)|  is  to  be  stanmed  over 
the  two  degenerate  states  in  both  the  heavy-  and  light-hole  bands. 

Eq.  (18)  is  the  usual  expression  for  the  absorption  coefficient  except 
that  a  normalized  Lorentzian  replaces  the  usual  energy  conserving  delta 
function.  The  absorption  coefficient  Is  a  function  of  the  light  intensity 
because  the  Interaction  of  the  holes  with  the  laser  radiation  alters  the 
distribution  In  the  heavy-  and  light-hole  bands.  We  want  to  solve  this 
equation  as  a  function  of  Intensity  to  determine  the  saturation  charac¬ 
teristics. 

In  order  to  determine  the  absorption  coefficient,  we  must  calculate 
the  distribution  functions  for  free  holes  in  the  heavy-  and  light-hole 
bands.  In  the  semiconductors  of  interest,  the  scattering  rate  for  free 
holes  occurs  on  a  subpicosecond  time  scale.  For  a  saturating  laser  oper¬ 
ating  with  nanosecond  pulse  widths  (the  typical  experimental  situation), 
transient  effects  are  damped  out.  Thus,  we  are  Interested  in  the  steady 

state  values  of  the  distribution  functions.  Using  Eqs.  (9)  the  steady 
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state  distribution  functions  are  found  to  solve  the  rate  equations 


*(k)  (fh(k)  -  f4(k)) 


-  r 
ck' 


[Rhk-*ck'fh^  '  Rck'-hk 


(19a) 


*(k)  (fh(k)  -  fx(k))  -  I  "  Rcfc'*ifcfc(li,)]’ 


(19b) 


•16“ 


where 

6(  k) 


2* 

X 


uc 


l/(if>  T2(k)) 
(a(k)-u)2  +  (l/Tjtjc))2* 


(19c) 


These  equations  state  that  the  rate  of  optical  excitation  out  of  (Into)  a 
given  state  Is  equal  to  the  net  rate  of  scattering  Into  (out  of)  the  state 

when  steady  state  Is  attained.  The  lefthand  sides  of  Eqs.  (19a)  and  (19b) 

give  the  net  rate  of  optical  excitation  out  of  a  state  with  wavevector  k  In 
the  heavy-hole  band  Into  a  state  with  wavevector  k  In  the  light-hole  band. 

The  rlghthand  side  of  Eq.  (19a)  gives  the  net  rate  of  scattering  into  the 

state  with  wavevector  k  In  the  heavy-hole  band,  and  the  rlghthand  side  of 
Eq.  (19b)  gives  the  net  rate  of  scattering  out  of  the  state  with  wavevector 
k  In  the  light-hole  band. 

To  calculate  the  absorption  coefficient  as  a  function  of  intensity,  we 
first  solve  Eq.  (19)  for  the  distribution  functions  and  then  Integrate  Eq. 
(18).  In  solving  Eq.  (19),  it  Is  convenient  to  Introduce  auxiliary  func¬ 
tions  defined  by 


W  ck' 

Rhk-*ck '  * 

(20a) 

W  ck' 

Rik-*ck'  ’ 

(20b) 

F(k)  -  I 
ck' 

(20c) 

G(k)  -  r 
~  ck' 

(20d) 

Th(k)  F(k)  -  T.(k)  fi(k) 


(22) 


The  first  term  In  Eq.  (22)  gives  the  population  difference  that  would  occur 
for  the  states  at  k  if  the  populations  of  the  states  that  feed  those  at  k 
were  given  by  their  equilibria  values.  The  second  term  in  Eq.  (19) 
accounts  for  the  change  in  the  population  of  the  states  that  feed  those  at 
k.  For  those  values  of  k  which  are  important  in  the  integral  in  Eq.  (18), 
the  first  term  in  Eq.  (22)  is  found  to  be  significantly  greater  than  the 
second. 

Using  Eq.  (19)  and  the  definition  of  the  auxiliary  functions,  one  can 
write  equations  which  determine  F(k)  and  G(k).  If  there  is  no  angular  de¬ 
pendence  in  the  phonon  scattering  matrix  elements  which  go  into  the  scat¬ 
tering  rates,  the  functions  K(k)  and  G(k)  depend  on  eh(k)  and  et(M*  *“** 
spectively.  Thus,  one-dimensional  (rather  than  three-dimensional)  equations 
must  be  solved  to  determine  these  functions.  A  more  complete  discussion  of 
the  solution  for  the  functions  F(k)  and  G(k)  is  presented  In  Ref.  26. 

In  order  to  calculate  the  distribution  of  free  holes  as  a  function  of 
Intensity,  It  Is  necessary  to  know  the  hole  scattering  rates.  We  first 
consider  the  region  o*  temperature  and  impurity  densities  for  which  hole- 
phonon  scattering  Is  the  dominant  scattering  mechanism.  (This  condition  Is 
relaxed  In  a  later  section  to  also  Include  the  effect  of  hole-impurity  and 
hole-hole  scattering).  Optical  phonon  scattering  Is  the  dominant  energy 
relaxation  mechanism.  The  optical  phonon  spectnan  of  Ge  is  relatively  flat 
for  small  k  with  an  average  energy  of  0.037  eV.  For  the  small  k  region  in 
which  we  are  Interested,  the  acoustic  phonon  energy  Is  quite  small,  and  we 
neglect  It.  Although  acoustic  phonon  scattering  does  not  contribute  signi¬ 
ficantly  to  energy  relaxation,  it  can  change  the  wavevector  of  the  hole. 
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The  valence  bands  of  &e  are  rather  anisotropic  and  an  acoustic  phonon  scat¬ 
tering  event  can  take  a  hole  from  a  region  In  which  e(k)  Is  small  to  one  In 
which  It  Is  large.  Thus,  although  acoustic  phonon  scattering  Is  less 
Important  than  optical  phonon  scattering  In  determining  the  distribution 
functions.  It  Is  not  negligible  because  of  the  anisotropy  of  the  valence 
bands.  We  take  the  scattering  rates  to  be  given  by 

*%lBopl2  “«*.(£)  -  Et.{S')  (23> 

«*.<>!>  -  Mi'!)  • 

Here  |Mopj  fs  the  squared  matrix  element  for  optical  phonon  emission, 

|Mop|  Is  the  squared  matrix  element  for  optical  phonon  absorption,  and 
|Mac|  Is  the  squared  acoustic  phonon  scattering  matrix  element  (summed 
over  both  absorption  and  emission  processes). 

For  spherical  energy  surfaces  and  acoustic  mode  scattering,  the  shift 
of  the  the  band  edge  Is  given  by 

5Ev  “  ^ac  ^exx  +  *yy  +  ezz^  "  ^acA  * 

where  the  e^  are  the  diagonal  components  of  the  strain  tensor,  their  sum 

being  t-qual  to  the  dilatation  t,  and  Eac  Is  the  shift  of  the  band  edge  per 

unit  dilatation.  Only  longitudinal  lattice  waves  scatter  the  holes.  The 

28 

matrix  element  1$  given  by 
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2  |(  t 
acV 

2Vpu? 


(25) 


Here,  T  Is  the  temperature,  V  Is  the  sample  volume,  p  Is  the  material  den¬ 
sity,  and  u£  Is  the  longitudinal  sound  velocity. 

For  nonpolar  crystals  (as  Ge)  and  spherical  energy  surfaces,  the  hole- 
optical  phonon  scattering  can  also  be  described  by  a  deformation  potential 
approach.  In  this  case,  the  optical  strain  Is  proportional  to  the  dis¬ 
placement  of  the  sublattice  containing  one  type  of  atom  with  respect  to  the 
sublattice  containing  the  other,  where  the  displacement  Is  Induced  by  the 

optical  mode.  Integration  over  the  electron  coordinates  and  lattice 
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oscillator  coordinates  gives 


-2£_2-  I  N  + 
2Vpu?  *■  q 


(26a) 


and 


2 

E  flu) 
_0£^0 

2Vpu, 


(26b) 


where  Eop  Is  the  deformation  potential  for  optical  phonon  scattering,  hu*, 

Is  the  zone-center  optical  phonon  energy,  and  Nq  Is  the  optical  phonon  Bose 
factor  defined  by 
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Following  Ref.  28,  we  have  neglected  angular  dependence  in  the  phonon 
scattering  matrix  element  and  taken  the  scattering  rates  to  be  the  same  for 
the  heavy-  and  light-hole  bands.  The  numerical  value  for  the  constants 
appearing  in  the  squared  matrix  elements  were  determined  from  the  mobility 
fits  of  Ref.  29,  where  Eac  was  taken  to  be  3.5  eV  and  E0p  to  be  6.8  eV. 

The  scattering  times  T2(k),  Tn(k)  and  Tt(k)  are  computed  from  Eqs.  (9c)  and 
(20a,  b)  using  these  scattering  rates.  Optical  phonon  scattering  (primarily 
emission)  dominates  In  the  results  for  T2U)  and  T£(k)  for  the  states  of 
Interest.  For  states  In  the  resonant  region  of  the  heavy-hole  band,  opti¬ 
cal  phonon  emission  Is  typically  not  possible  and  acoustic  phonon  scattering 
makes  a  significant  contribution  to  T*,(k). 

B.  Calculation  of  the  Hole  Distribution 

We  calculate  the  distribution  of  holes  in  k-space  allowing  the  holes 
to  Interact  with  the  laser  excitation  and  the  phonon  system.  As  a  first 
approximation  for  the  population  difference  (fh(k)’fi(k) ) ,  we  neglect  the 
auxiliary  functions  F(k)  and  G(k)  and  Include  only  the  first  term  In  Eq. 
(22).  This  approximation  Is  equivalent  to  assuming  that  the  rate  at  which 
free  holes  are  scattered  Into  the  states  involved  in  the  optical  transition 
is  given  by  the  equilibrium  value.  For  optical  phonon  scattering,  the 
energy  of  the  Initial  hole  state  In  the  scattering  event  differs  from  that 
of  the  final  hole  by  the  optical  phonon  energy.  As  a  result,  hole  states 
that  can  scatter  into  a  resonant  optical  transition  region  by  optical  pho¬ 
non  scattering  are  themselves,  for  the  most  part,  out  of  the  resonant 
region.  Thus,  the  population  of  these  states  is  not  directly  depleted  by 
the  optical  transitions.  The  population  of  these  states  Is  Indirectly 


-22- 


depleted  by  the  optical  transition  because  there  is  a  decrease  in  the 
feeding  rate  of  these  states  owing  to  the  decrease  in  population  of  hole 
states  In  the  resonant  region.  However,  this  decreased  feeding  from  the 
resonant  region  Is  partially  compensated  for  by  an  Increased  feeding  from 
the  re-routing  of  optically  excited  holes.  For  acoustical  phonon  scat¬ 
tering,  the  energy  of  the  initial-hole  state  in  the  scattering  event  is 
essentially  the  same  as  that  of  the  final  hole  state.  As  a  result,  hole 
states  that  can  scatter  into  a  resonant  optical  transition  region  by 
acoustic  phonon  scattering  are,  for  the  most  part,  in  the  resonant  region 
themselves.  Thus,  the  population  of  these  states  is  directly  depleted  by 
the  optical  transitions.  Including  only  the  first  term  in  Eg.  (22)  there¬ 
fore  overestimates  the  importance  of  acoustic  phonon  scattering.  At  this 
level  of  approximation  it  is  better  to  ignore  acoustic  phonon  scattering. 

We  find  that  this  first  approximation  for  (f ^Ck)  -  ft(lc))  ignoring  acoustic 
phonon  scattering  produces  results  close  to  those  of  our  more  complete 
calculation. 

Using  only  the  first  term  in  Eq.  (22)  to  determine  the  population  dif¬ 
ference,  the  absorption  coefficient  written  in  Eq.  (18)  becomes 

2  N  e2 

a‘U,»)  - V  t(f*(k)-fJ(k))|P111(k)|2 

r  C  HI  111  c  X 
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Transforming  to  an  integration  over  surfaces  of  constant  a(k),  and  assuming 
that  the  power-broadened  Lorentzian  is  sharply  peaked,  Eq.  (29)  can  be 
written  as 


/  — 1 ,J— 

o(k)-«  |vkn(k)| 


Pht(k)|2  (f{(k)  -  fj(k)) 


(30) 


Here,  the  integral  is  over  a  surface  of  constant  B(k).  Integrating  Eq. 

(30)  nunerically,  we  find  that  the  absorption  coefficient  satisfies  Eq.  (2) 
to  high  accuracy.  Indeed,  If  i(k)  were  independent  of  k  over  the  region  of 
the  surface  Integral,  Eq.  (30)  would  reduce  to  Eq.  (1)  exactly. 

The  auxiliary  functions  F(k)  and  G(k)  are  computed  numerically  as 
discussed  in  Ref.  26.  The  distribution  functions  computed  from  these  auxil¬ 
iary  functions  for  k  In  the  [111]  and  [100]  directions  together  with  their 
equilibrlun  values  are  shown  in  Fig.  2.  The  dominant  dip  in  the  heavy-hole 
distribution  function  and  corresponding  peak  in  the  light-hole  distribution 
function  is  due  to  direct  optical  transitions.  Additional  dips  in  the 
heavy-hole  distribution  function  occur  because  of  the  discrete  energy  of 
the  optical  phonons.  The  Increase  in  the  heavy-hole  distribution  compared 
to  the  equilibrium  value  at  large  values  of  k  is  due  to  scattering  of  the 
photoexcited  holes  in  the  light-hole  band  into  the  heavy-hole  band. 
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C.  Intensity  Dependence  of  the  Absorption  Properties  of  p-Ge 

The  absorption  coefficient  Is  calculated  numerically.  In  Fig.  3  the 
calculated  result  for  x»10.6um  and  T*295°K  is  compared  with  the  expression 
in  Eq.  (2).  The  value  of  Is  used  in  Eq.  (2)  was  determined  by  fitting  the 
calculated  result  for  o(I,u>).  The  numerical  results  could  be  fit  to  an 
accuracy  of  about  5%  for  intensities  less  than  25  times  Is.  (This  is  the 
range  of  Intensities  which  has  been  most  frequently  explored  experimentally.) 
If  only  the  first  term  in  Eq.  (22)  is  stained,  the  calculated  a(I,u)  has 
almost  exactly  the  form  of  Eq.  (2).  The  second  term  in  Eq.  (22)  is  smaller 
than  the  first  and  leads  to  the  small  deviations  seen  in  Fig.  3. 

Measurements  of  the  saturable  absorption  In  p-type  Ge  have  been  inter¬ 
preted  in  terms  of  the  Inhomogeneous ly  broadened  two-level  model  which  pro¬ 
duces  Eq.  (2),  and  the  values  of  Is(w)  have  been  reported.  In  Fig.  4,  we 
compare  measured  values  of  Is(u)  at  room  temperature  as  a  function  of  pho¬ 
ton  energy  with  our  theoretical  values.  The  theoretical  values  of  Is(w) 
are  determined  by  fitting  the  expression  in  Eq.  (2)  to  the  calculated 
results  for  o(I,u)  for  intensities  between  zero  and  100  MW/cm2.  In  the 
range  of  photon  energies  considered,  Is(u>)  was  found  to  increase  monotoni- 
cally  with  photon  energy.  There  Is  good  agreement  between  theory  and 
experiment.  There  are  no  adjustable  parameters  included  in  the  theory. 

The  calculated  results  shown  in  Fig.  4  were  attained  using  the  higher 
order  approximation  for  (fh(k)  -  f*(k)).  The  results  for  the  first  order 
approximation  are  qualitatively  similar  to  those  of  the  more  complete 
calculation;  the  numerical  values  of  the  two  calculations  differ  by  an 
approximately  constant  factor.  At  X*10.6um  and  T«295K,  the  more  complete 
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calculation  gives  a  value  of  Is  of  ^.1  MW/cm  ,  the  first  order  calculation 
including  acoustic  phonon  scattering  gives  a  result  of  5.8  MW/ cm2,  ancj  the 
first  order  calculation  neglecting  acoustic  phonon  scattering  gives  a 
result  of  3.5  MW/cm2.  Thus,  the  first  order  calculation  neglecting 
acoustic  phonon  scattering  is  within  about  15X  of  the  more  complete  calcu¬ 
lation.  This  result  is  interesting  because  the  first  order  calculation  is 
much  easier  and  less  expensive  to  perform  than  the  more  complete  calcula¬ 
tion. 

The  increase  in  ls(u)  with  increasing  u  is  primarily  due  to  the  behav¬ 
ior  of  the  scattering  rates  and  the  optical  matrix  elements.  The  relative 
contribution  of  the  scattering  rates  and  the  optical  matrix  elements  can  be 
most  easily  seen  in  the  first  order  calculation.  At  this  level  of  approxi¬ 
mation,  ls(M)  is  given  by  a  weighted  average  of  i(k)  (see  Eq.  (28)).  The 
values  of  t(k)  are  proportional  to  uj2,  T2_1(k),  (Th(k)  +  Tt(k)),  and 
|Pht(k)|"2.  For  wavelengths  near  10um  and  room  temperature,  values  for 
as?,  Tg'^k),  and|Pht(k)|2  increase  with  Increasing  photon  energy  and 
Oh(k)  +  TA(k))  decreases.  We  find  that  for  the  wavelengths  of  Interest, 
t(k)  Increases  monotonically  with  increasing  photon  energy. 

Since  the  usefulness  of  p-Ge  as  a  saturable  absorber  In  CO2  laser 
systems  is  determined  by  its  saturation  characteristics,  it  is  of  interest 
to  be  able  to  control  the  saturation  behavior.  Since  optical  phonon  scat¬ 
tering  Is  the  dominant  relaxation  mechanism,  and  the  optical  phonon  occupa¬ 
tion  is  temperature  dependent.  It  Is  clear  that  Is(u>)  will  depend  on  tem¬ 
perature.  In  Fig.  5  we  present  the  results  of  a  calculation  of  the  tem¬ 
perature  dependence  of  I$(w)  in  p-Ge  for  light  with  a  wavelength  of 
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10.6om.  is(«)  increases  monotonically  with  temperature.  This  increase  is 

due  to  the  increased  rate  of  phonon  scattering  at  higher  temperatures. 

Because  of  the  rather  strong  dependence  of  Is(u)  on  temperature,  it  should 
be  possible  to  tune  the  saturation  behavior  of  p-Ge  with  temperature. 

Me  now  consider  the  polarization  dependence  of  the  saturation  character¬ 
istics.  The  polarization  dependence  of  the  momentum  matrix  elements  increases 
the  anisotropy  of  the  hole  distribution  in  k-space.  Since  the  excitation 
rates  depend  on  the  direction  in  k-space  (primarily  through  the  rj*j)  matrix 
elements),  the  saturation  of  the  resonantly-coupled  states  by  state-filling 
will  be  much  larger  for  some  directions  in  k-space  than  for  other /directions 
for  polarized  light.  Using  the  first-order  approximation  for  the  hole  dis¬ 
tribution,  we  numerically  calculate  o(I)  for  light  polarized  along  the  [100], 
[110],  and  [111]  directions.  Values  of  Is  for  the  different  directions  of 
polarization  and  for  the  case  of  unpolarized  light  are  given  in  Table  1. 

The  experimental  results  of  Ref.  7  indicate  no  significant  variation  of  Is 
with  crystal  orientation,  which  is  consistent  with  our  calculations  in 
consideration  of  the  uncertainty  in  the  reported  data. 

D.  Hole-Ionized  Impurity  and  Hole-Hole  Scattering 

For  those  temperatures  and  hole  densities  for  which  hole-impurity  and 
hole-hole  scattering  is  small  compared  to  phonon  scattering,  the  calculated 
Is  Is  independent  of  hole  concentration.  At  room  temperature,  Is  has  been 
found  experimentally  to  be  roughly  Independent  of  hole  concentration  for 
concentrations  less  than  about  4x10^  cm"3.^»^°  we  now  extend  the  range 
of  doping  concentrations  for  which  the  theory  Is  valid  by  Including  the 
effects  of  hole-impurity  and  hole-hole  scattering.  We  consider  uncompen¬ 
sated  samples  of  p-type  germanium  where  the  acceptors  are  all  shallow  and 
ionized  at  room  temperature  conditions. 
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The  scattering  rate  for  a  hole  with  energy  e  by  singly  Ionized  impuri¬ 
ties  is  given  by 


we4 

7W  c3/s 


(31a) 


where 

2  2Km*kgT 


(31b) 


K  is  the  low  frequency  dielectric  constant,  m*  is  the  free-carrier  effec¬ 
tive  mass,  kg  Is  the  Boltzmann  constant,  and  Nj  is  the  total  concentration 
of  ionized  Impurities.31 

Following  Ref.  32,  the  rate  of  hole-hole  scattering  for  a  hole  with 
energy  e  is  given  by 


iJl  «  Nhe*X 


where 


X  ■  1  +  in 


^  2»Nhe‘ 


JLSL 


(32a) 


(32b) 


The  calculation  of  the  saturation  Intensity  Is  at  different  impurity  con¬ 
centrations  Is  performed  using  the  first-order  approximation  to  (fh(k)  - 
ft(k)),  where  the  calculation  of  scattering  rates  is  modified  to  include 
hole-impurity  and  hole-hole  scattering  in  addition  to  carrier-phonon  scat- 
terlng.  The  inclusion  of  hole  scattering  by  ionized  Impurities  and  other 
holes  causes  an  Increase  In  the  scattering  rat?  of  the  free  holes  and 
Introduces  a  concentration  dependence  In  the  saturation  Intensity.  The 
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result  of  Increasing  the  scattering  rates  Is  that  higher  intensities  are 
required  to  reduce  the  free-hole  population  in  the  heavy-hole  band  at  the 
resonant  region,  since  the  excited  holes  can  re-route  at  a  faster  rate. 

The  calculated  values  of  I s  as  a  function  of  the  doping  density  for 
p-Ge  at  room  temperature  are  shown  In  Fig.  6.  Also  shown  are  the  measured 
values  for  the  dependence  of  the  saturation  Intensity  on  the  doping  den¬ 
sity.30 

The  experimental  values  of  Is  at  10.6um  Indicate  that  the  saturation 
Intensity  Increased  monotonlcally  with  Increasing  hole  concentration  for 
the  Ge:Ga  samples  we  studied.  Me  note  that  the  experimental  values  for  Is 
vs  Np  are  in  fair  agreement  with  theory,  with  the  experimental  values  con¬ 
sistently  larger  than  the  calculated  values  by  about  201. 

The  calculated  and  measured  values  of  Is  for  p-Ge  at  9.6vm  show  a 
weaker  fractional  dependence  on  the  hole  concentration  than  the  values  of 
Ls  at  10.6um.  For  light  having  a  wavelength  of  9.6vm,  the  direct  transi¬ 
tion  between  the  heavy-  and  light-hole  bands  occurs  at  larger  values  In  k- 
space,  and  thus,  for  larger  heavy-  and  light-hole  energies.  Phonon  scat¬ 
tering  was  calculated  on  the  basis  of  the  deformation  potential  model, 

where  the  scattering  rates  have  a  square  root  dependence  on  the  energy  of 
29 

the  hole  carrier.  The  scattering  rates  for  a  hole  with  energy  c  due  to 

-3/2 

Ionized  Impurity  and  other  hole  carriers  has  approximately  an  e  "" depen- 
dence.  Consequently,  the  effect  of  Increasing  the  hole  energies  In  the 
resonant  region  In  going  from  10.6um  to  9.6wm  radiation  Is  to  increase  the 
effect  of  phonon  scattering  and  to  decrease  the  contribution  of  hole- 
impurity  and  hole-hole  scattering.  Since  Is  Is  substantially  Independent 
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of  the  hole  density  in  the  region  where  hole-phonon  scattering  Is  dominant, 
we  find  a  weaker  fractional  dependence  of  Is  on  Nn  at  9.6um  than  at  10.6um. 

For  lower  temperature  or  higher  doping  density,  the  effect  of  scattering 
by  Ionized  impurities  and  other  free  carriers  can  dominate  the  scattering. 

In  this  region,  the  theory  predicts  a  strong  dependence  of  the  saturation 
intensity  on  the  hole  density.  In  Fig.  7,  we  present  the  calculated  values 
of  I s  as  a  function  of  the  hole  density  in  p-Ge  for  hole  concentrations  in 
the  1014-10^6  cm~3  range  and  T  «  77  K.  The  two  curves  shown  are  for 
x  *  10.6tim  (solid  curve)  and  x  *  9.5um  (dashed  curve)  laser  radiation. 

For  those  hole  states  in  the  resonant  region  of  the  light-hole  band, 
the  scattering  rate  Is  determined  by  hole-phonon  scattering,  in  which  the 
emission  of  optical  phonons  makes  the  dominant  contribution.  The  rate  for 
emission  of  optical  phonons  is  not  strongly  dependent  on  temperature  for 
kgT  <  fiuQ,  where  tiuQ  is  the  zone-center  longitudinal  optical  phonon  energy. 
Consequently,  the  scattering  rate  for  hole  carriers  in  the  resonant  region 
of  the  light-hole  band  is  not  very  sensitive  to  temperature.  On  the  other 
hand,  optical  phonon  emission  is  not  energetically  allowed  for  most  states 
In  the  resonant  region  of  the  heavy-hole  band.  For  these  hole  energies 
(<t»uo),  the  rate  at  which  holes  are  scattered  out  of  (and  into)  the  resonant 
region  of  the  heavy-hole  band  is  determined  by  the  interaction  of  the  hole 
carriers  with  acoustical  phonons,  ionized  Impurities  and  other  free  carriers. 
Thus,  the  scattering  rates  for  these  states  depend  strongly  on  temperature, 
because  of  hole-acoustical  phonon  scattering,  and  strongly  on  the  hole  den¬ 
sity,  because  of  hole-ionized  Impurity  and  hole-hole  scattering.  For  tem¬ 
peratures  and  hole  densities  In  which  the  scattering  of  holes  In  the  resonant 


region  of  the  heavy-hole  band  Is  determined  by  hole-acoustical  phonon 
Interactions,  we  find  the  saturation  Intensity  to  be  Independent  of  the 
hole  density,  and  for  cases  In  which  the  scattering  Is  dominated  by  hole- 
impurity  and  hole-hole  scattering,  we  find  the  saturation  Intensity  to  be 
approximately  linear  with  the  hole  density. 

35 

Experimental  measurements  of  the  saturable  absorption  at  77k  have 
been  made,  but  the  data  was  taken  over  a  relatively  small  range  of  Inten¬ 
sities,  and  the  results  were  interpreted  In  terms  of  a  homogeneously 
broadened  two-level  model,  rather  than  an  In homogeneously  broadened  model, 
which  we  believe  to  be  more  correct.  These  measured  values  of  Is  at  77K 
show  a  monotonic  increase  with  increasing  hole  density.  In  qualitative 
agreement  with  our  calculation.  The  experimental  values  for  ls  at  9.5win 
radiation  and  77K  are  a  little  larger  than  the  corresponding  values  at 
10.6i*n  for  the  hole  concentrations  Investigated,  which  Is  In  agreement  with 
our  calculation. 

E.  Intensity  Dependence  of  the  Dispersive  Properties  of  p-Ge 

There  Is  also  an  Intensity  dependence  In  the  real  part  of  the 
dielectric  constant  associated  with  the  saturation  of  the  Intervalence-band 
transitions.  These  laser-induced  changes  In  the  real  part  of  the  dielectric 
constant  alter  the  dispersive  properties  of  the  media  and  thus  can  modify 
the  spatial  and  temporal  behavior  of  the  laser  pulse.  Since  the  laser 
pulse  shape  Is  Important  In  many  applications  of  CO2  laser  systems,  one 
needs  to  understand  the  changes  In  the  dispersive  properties  Induced  by  the 
high-intensity  beam.  An  Intensity  dependence  of  the  real  part  of  the  diel¬ 
ectric  constant  can  be  exploited  for  phase  conjugation.  Phase  conjugation 
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In  the  COj  laser  frequency  regime  using  Ge  as  the  nonlinear  medium  Is  of 
current  Interest.^6 

As  previously  discussed,  for  light  with  a  wavelength  near  10um,  the 
dominant  absorption  mechanism  In  p-Ge  Is  due  to  direct  free-hole  transitions 
between  the  heavy-  and  light-hole  bands.  These  resonant  transitions  also 
contribute  to  the  index  of  refraction.  At  high  light  Intensities,  the  ab¬ 
sorption  due  to  these  transitions  saturates  owing  to  a  modification  of  the 
free-hole  distribution  function.  This  Intensity  dependent  modification  of 

the  distribution  function  also  changes  the  contribution  of  the  free-hole 
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transitions  to  the  index  of  refraction.  In  addition  to  the  intensity 

dependence  of  the  Index  of  refraction  from  the  resonant  interval ence-band 

transitions,  there  is  an  intrinsic  contribution  due  to  a  field  modification 

of  the  virtual  electron-hole  pair  creation  processes.  The  magnitude  of  the 

resonant  Interval ence-band  contribution  depends  on  the  doping  level.  Both 

contributions  lead  to  an  Increase  In  the  Index  of  refraction  with  increasing 

intensity.  We  find  that  the  magnitude  of  the  resonant  Intervalence-band 

contribution  to  the  first  order  modification  of  the  index  of  refraction 

equals  measured  values  of  the  Intrinsic  contribution  at  a  doping  level  of 
15  .3 

about  3x10  cm  .  In  this  section  we  present  a  calculation  of  the  resonant 
Intervalence-band  contribution  to  the  Intensity  dependence  of  the  real  part 
of  the  dielectric  constant  In  p-Ge  for  light  with  a  wavelength  of  10.6um. 

Using  the  equation  for  the  current  density  owing  to  the  Intervalence- 
band  transitions,  the  real  part  of  the  susceptibility  Is  given  by  Eq.  (15). 
Here,  the  intensity  dependence  Is  contained  In  the  distribution  functions 
fh(k)  and  ft(k).  At  low  light  Intensities,  X  Is  a  scalar  because  of  the 
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cubic  symmetry  of  Se.  For  high  Intensity  polarized  light,  the  cubic  sym¬ 
metry  is  reduced  and  X  is  described  by  a  second-rank  tensor. 

The  function  $(k)  is  defined  as 
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where  I  is  the  light  Intensity,  n  is  the  polarization  of  the  light,  end  em  is 
the  intrinsic  material  dielectric  constant.  The  definition  of  e(k)  in  Eq. 
(33)  differs  slightly  from  that  of  Eo.  (19c)  because  we  have  not  averaged 
over  polarizations.  As  a  result,  the  distribution  function,  which  we  cal¬ 
culate  here,  depends  on  the  polarization  of  the  light  and  does  not  have 
cubic  symmetry.  The  calculational  approach,  however,  is  the  same  as  pre¬ 
viously  discussed.  Some  of  the  results  we  present  here  are  for  unpolarized 
light.  In  this  case  we  average  the  vector  potential  over  all  angles. 

We  calculate  the  Intensity  dependence  of  the  real  part  of  the  suscep¬ 
tibility  due  to  resonant  Intervalence-band  transitions.  The  results  quoted 
In  this  section  for  an(I)  and  ac(I)  refer  to  only  this  contribution.  There 
Is  an  additional  intrinsic  contribution  which  Is  to  be  added  to  our  results. 
There  may  also  be  heating  effects  In  any  particular  experiment.  One  can 
determine  the  contribution  from  thermal  effects  using  measured  values  of 
.  The  thermal  effects  can  be  eliminated  by  using  sufficiently  short 

01 

laser  pulses. 

The  real  part  of  the  susceptibility  Is  calculated  maaerlcally  for  x  * 
10.6um  and  T»300K.  We  consider  the  case  of  lightly  doped  samples,  where 
the  relaxation  Is  dominated  by  hole-phonon  scattering.  Using  Eq.  (15)  we 
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can  calculate  X' (I)  for  any  polarization  of  the  light.  Explicit  values  of 
X‘(l)  are  calculated  for  the  case  of  unpolarized  light,  and  for  the  polari¬ 
zation  along  the  [100]  and  [110]  directions. 

For  unpolarized  light  the  second-rank  ransor  x’  becomes  a  scalar, 
since  any  orientational  dependence  has  been  averaged  out  when  we  averaged 
over  the  directions  of  the  vector  potential.  We  find  that  values  of  X'(I) 
increase  monotonlcally  with  Increasing  intensity  due  to  chanqes  In  the 

distribution  of  free-holes.  Room  temperature  values  of  x' (I)/X‘ { 1*0)  are 

2 

given  In  Fig.  8  for  intensities  between  0  and  60  MW/cm  .  At  low  intensities 
(X*(I-0)/Nh)  Is  equal  to  1.4xl0”30  cm3  (x'(I“0)  is  proportional  to  Nj,). 

Laser-Induced  changes  In  x'(“)  can  be  measured  by  observing  changes  in 
the  real  part  of  the  dielectric  constant,  which  determine  the  dispersive 
properties  of  the  medium.  The  real  part  of  the  complex  dielectric  constant 
£  Is  given  by 

«  •  4.X*  .  (34) 

Values  for  the  change  In  c  can  be  measured  by  studying  threshold  values  for 
self-focusing  (for  positive).  In  Fig.  9  we  show  the  calculated  results 
for  a*  and  the  correspondl ng  results  for  the  change  In  the  Index  of  refrac¬ 
tion,  an,  for  unpolarized  light  with  a  wavelength  of  10.6ym  at  300K.  The 
changes  In  c  and  In  n  are  directly  proportional  to  the  free-hole  density. 

We  find  that  c  and  n  are  Increasing  functions  of  Intensity. 

The  Intrinsic  contribution  to  dn/dl  In  Ge  has  recently  been  measured 
to  be  about  lxlO*6  cm2/KW.*°  The  resonant  Interval ence-band  contribution 
to  dn/dl  is  Intensity  dependent.  In  the  lower  Intensity  region  the  change 
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in  n  is  linear  in  I.  For  hole  densities  greater  than  about  3x10^5  cm'3f 
the  resonant  intervalence-band  contribution  Is  larger  than  the  intrinsic 
contribution  at  the  lower  Intensities. 

In  Fig.  10  we  show  the  calculated  results  for  the  diagonal  components 
of  (afc/Nh)  as  a  function  of  Intensity  for  light  polarized  in  the  [100]  and 
[110]  directions.  For  the  case  of  [100]  polarization  the  coordinate  axes 
are  chosen  to  be  the  crystal  axis  of  the  sample.  In  this  coordinate 
system,  the  off-diagonal  components  of  c  vanish  as  at  low  Intensities. 

There  Is  a  small  difference  In  the  values  of  e  and  6  (c  «  e  in  this 
case)  due  to  the  polarization  dependence  of  B(k)  in  determining  the  distri¬ 
bution  of  holes  In  the  heavy-  and  light-hole  bands.  For  the  case  of  [110] 
polarization,  the  X  axis  Is  taken  In  the  [110]  direction,  the  Y  axis  in  the 
[110]  direction  and  the  Z  axis  In  the  [001]  direction.  In  this  coordinate 
system  c  Is  diagonal.  There  Is  a  small  difference  in  the  values  of  the 
three  diagonal  components.  Overall,  from  Fig.  10,  we  see  that  the  effects 
of  polarization  on  a£  are  rather  small. 

The  change  In  c  with  Intensity  Is  due  to  the  change  in  the  distribu¬ 
tion  of  hole  states.  We  find  that  the  diagonal  components  of  X1  Increase 
monotonlcally  with  Increasing  Intensity.  From  Eq.  (15),  we  see  that  values 
of  k  for  which  Q(k)  >  w  lead  to  a  positive  contribution  to  X'  and  thus  to 
C,  whereas  values  of  k  for  which  O(k)  <  u  lead  to  a  negative  contribution 

to  x' .  Under  optical  excitation,  the  holes  occupy  higher  energy  states 

* 

than  In  equilibrium.  Thus,  for  the  higher  energy  states  with  o(k)  >  w  the 
difference  In  occupation  probabilities  (fh(k)-ft(*0)  1s  on  the  average  en¬ 
hanced  compared  to  the  equilibrium  value,  whereas  for  states  with  Q(k)  <  w 
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the  difference  in  occupation  probabilities  is  decreased  compared  to  the 
equilibrium  value.  Hence,  the  positive  contributions  to  C  from  terms  with 
fl(k)  >  u  is  increased  by  illumination,  and  the  magnitude  of  the  negative 
contribution  to  a  from  terms  with  o(k)  <  u>  is  decreased  by  Illumination. 
Consequently,  €  increases  monotonically  #ith  increasing  intensity.  As  the 
intensity  increases,  the  Increase  in  e  is  slower  than  linear  due  to  satura¬ 
tion  of  the  Intervalence-band  transitions. 

For  two  laser  beams  incident  on  a  Ge  sample,  as  In  a  pump-probe 
experiment,  the  light  Intensity  is  modulated  in  space  and  time  due  to  the 
Interference  of  the  two  beams.  Since  the  index  of  refraction  is  a  function 
of  Intensity,  It  Is  modulated  by  the  oscillating  intensity.  The  periodic 
variation  of  the  index  of  refraction  leads  to  a  coupling  of  the  two  beams. 
This  coupling  can  Influence  the  transmission  of  the  beams,  which  may  be 
Important  In  the  analysis  of  a  pimp-probe  experiment. 

F.  Saturation  Behavior  of  Other  Groups  IV  and  III-VI  Semiconductors 

In  this  section,  we  present  the  results  for  the  saturation  characteris¬ 
tics  for  two  different  types  of  materials:  semiconductors  with  a  spin-orbit 
splitting  large  compared  to  the  photon  energy  of  the  CO2  laser  (as  Is  the 
case  for  Ge),  and  semiconductors  with  a  small  spin-orbit  splitting  compared 
to  the  photon  energy  (as  SI).  In  the  first  case  the  split-off  hole  band  is 
not  Involved  in  the  optical  excitation  process.  For  materials  with  small 
spin-orbit  splittings,  the  theory  must  be  modified  to  include  transitions 
between  the  heavy-  and  light-hole  bands,  the  light-  and  split-off  hole 
bands,  and  the  heavy-  and  split-off  hole  bands. 


We  first  present  a  calculation  describing  the  saturation  behavior  of 
materials  with  spin-orbit  splittings  large  compared  to  the  energy  of  the 
Incident  radiation.  Thus,  the  split-off  band  is  not  involved  in  the  opti¬ 
cal  transition  and  can  be  Ignored.  Some  of  the  materials  with  large  spin- 
orbit  splitting  Include  p-type  Ge,  GaAs,  GaSb,  AlSb,  InAs,  and  AlAs. 

Results  for  p-Ge  have  already  been  presented.  In  addition  to  Ge,  saturable 
absorption  has  been  observed  in  p-type  GaAs.1  The  measurements  were  made 
over  a  smaller  Intensity  range  than  for  Ge  and  the  results  were  interpreted 
In  terms  of  a  homogeneously  broadened  two-level  model  (rather  than  the 
Inhomogeneous ly  broadened  two-level  model  which  we  believe  would  have  been 
more  correct).  A  saturation  intensity  of  20  MW/cm2  was  reported.  We  are 
not  aware  of  any  experimental  measurements  for  p-type  GaSb,  AlSb,  AlAs,  or 
InAs;  however,  due  to  the  similarities  with  p-Ge  and  p-GaAs,  we  also  expect 
the  absorption  in  these  materials  to  saturate. 

In  order  to  limit  the  numerical  expense  Involved  In  the  calculation, 
we  use  the  first-order  calculation  for  the  distribution  of  hole  states  in 
the  resonant  region  of  the  heavy-  and  light-hole  bands.  The  first-order 
calculation  which  neglects  acoustical  phonon  scattering  produces  results 
which  are  within  15%  of  the  more  complete  calculation  of  the  saturation 
Intensity  for  p-Ge  and  p-GaAs  (for  which  the  more  complete  calculation  was 
also  performed). 

The  calculated  values  of  the  saturation  intensity  at  room  temperature 
and  a  photon  energy  of  117  meV  (x*10.6vm)  for  the  materials  considered  are 
given  in  Table  II.  We  find  that  the  dependence  of  Is  o.i  temperature  and 
incident  photon  energy  are  qualitatively  similar  to  that  for  Ge.  This 


smooth  behavior  of  Is  near  room  temperature  and  over  the  C0£  laser  spectrum 
allows  one  to  characterize  the  saturation  behavior  by  Is  (at  E0  ■  117  meV 
and  T0  ■  295°K)  and  the  slopes  ( 31  s/SE)j and  (3ls/3‘fl(i-  .  Values  of  the 
derivative  of  Is  with  respect  to  photon  energy  and  temperature  are  given  in 
Table  II.  For  completeness,  we  include  the  results  for  Ge. 

From  Table  II,  we  note  a  large  variation  of  the  saturation  intensi  ty 
for  the  materials.  This  large  variation  of  the  saturation  intensity  Is  is 
due  to  two  factors:  (1)  the  deformation  potential  parameters,  and  (2)  the 
valence  band  structures.  A  discussion  of  the  systematic  dependence  of 
Is  on  the  material  parameters  is  presented  in  Ref.  41. 

In  the  previous  discussion  we  presented  the  results  of  a  theory 
describing  the  saturation  of  the  interval  ence-ban'd  transitions  for  most  of 
the  Group  IV  and  III-V  semiconductors  for  which  the  spin-orbit  splitting 
was  large  compared  to  the  energy  of  the  incident  photon.  However,  for 
materials  such  as  Si,  where  the  spin-orbit  splitting  is  less  than  the  pho¬ 
ton  energy,  one  must  generalize  the  theory  to  include  transitions  from  the 
heavy-hole  to  light-hole  band,  the  heavy-hole  to  split-off  band,  and  the 
light-hole  to  split-off  band.  We  now  consider  the  saturation  properties  of 
Si  and  InP,  GaP,  and  A1P,  which  also  have  small  spin-orbit  splittings. 

The  absorption  coefficient  for  these  materials  in  the  9-llym  region 
can  be  written  as 

a  *  aP  +  i  +  Vs  +  °A*s  •  (35) 

where  op  is  the  residual  absorption  due  to  phonons,  0^(0^)  the 
absorption  coefficient  due  to  direct  heavy-hole  to  light-hole  (split-off) 
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band  transitions,  and  is  the  absorption  coefficient  due  to  direct 
light-hole  to  split-off  band  transitions.  The  effect  of  lattice  absorption 
depends  on  the  wavelength  of  the  light  and  the  temperature  of  the  material. 
Lattice  absorption  at  9.6um  requires  the  cooperation  of  at  least  three 
phonons  to  conserve  energy  and  is  therefore  small.  In  Si  two-phonon 
absorption  is  energetically  possible  for  a  wavelength  of  10.6ym.  The 
absorption  of  light  by  the  creation  of  phonons  can  be  included  in  a 
straightforward  way,  since  this  process  is  nonsaturable  and  just  adds  a 
residual  absorption  term.  Here,  we  consider  the  saturable  absorption  due 
to  the  direct  intervalence-band  transitions. 

In  Eq.  (18)  we  have  given  an  expression  to  determine  the  decrease  in 
the  absorption  coefficient  with  increasing  intensity  when  only  the  heavy- 
hole  and  light-hole  bands  were  involved  in  the  optical  transition.  Analo¬ 
gous  expressions  can  be  written  for  direct  transitions  between  the  heavy- 
hole  and  split-off  bands  and  between  the  light-hole  and  split-off  bands. 

In  order  to  numerically  Integrate  the  expressions  for  a^,  and  a^, 
we  must  calculate  the  steady-state  distribution  functions  in  each  band  as  a 
function  of  intensity  for  each  wave vector  k.  If  we  assume  that  the  three 
direct  optical  transitions  are  uncoupled,  then  the  absorption  due  to  each 
resonant  transition  can  be  Independently  analyzed.  That  is,  we  can  deter¬ 
mine  the  saturfion  characteristics  for  a^,  a^,  and  ^ncleP®nclent1y 
using  Eq.  (18)  for  and  the  analogous  expression  for  and  a^. 
Here,  we  assume  that  the  modification  in  the  distribution  function  of  free- 
holes  due  to  one  particular  resonant  transition  between  two  valence  bands 
in  k-space  does  not  strongly  affect  the  distribution  of  free-holes  in  the 
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resonant  regions  for  the  other  transitions.  A  more  complete  discussion  of 
the  calculational  approach  is  presented  in  Ref.  42. 

We  nunerically  integrate  the  expressions  for  o^,  a*,**,  and  0^,  and 
find  that  the  intensity  dependence  of  the  absorption  due  to  each  direct 
transition  can  be  fit  to  high  accuracy  by  the  functional  form 


where  ooi  is  the  low-intensity  absorption  coefficient  and  (Is).j  is  the 
saturation  intensity  of  the  1th  Intervalence-band  transition.  Values  of 
(*s)hi»  (I*)hs»  and  Us)is  at  A“9.6um  and  >295K  are  given  in  Table  III  for 
the  materials  considered.  For  Intensities  low  enough  that  the  square  root 
in  Eq.  (36)  can  be  power  series  expanded,  one  has 

*s  ao  j  (37) 


The  values  of  «0j/o0  for  each  of  the  three  resonant  transitions  are  listed 
in  Table  IV.  We  have  taken  Is  to  fit  the  result  for  the  sum  of  the  three 
processes  for  intensities  up  to  100  MW/cm?.  We  find  the  saturation  intensity 


to  have  a  smooth  behavior  near  room  temperature  and  x«9.6ym  (E0«129.8  meV). 
This  allows  one  to  describe  the  saturation  near  room  temperature  and  near 
E0  by  giving  the  values  of  Is  (at  E0*129.8  meV  and  T0«295K)  and  the  slopes 


The  values  of  Is,  — 5.  f  and  — — 


are  given  in 


Table  III. 


The  measured  values  of  ls  for  p-Si  at  10.6um  and  9.6um  are  shown  in 
Table  we  see  that  Is  Is  considerably  larger  for  Si  than  Ge,  which  is 

primarily  due  to  the  larger  hole-phonon  scattering  rates  and  the  smaller 
excitation  rates  In  Si.  In  addition,  lattice  absorption  Is  much  larger  in 
Si  than  Ge  for  the  wavelengths  of  Interest.  This  larger  nonsaturable 
absorption  must  be  included  in  the  numerical  analysis  and  creates  a  larger 
uncertainty  in  the  values  for  the  saturation  intensities.  Absorption 
saturation  in  p-Si  has  previously  been  observed;1  however,  the  range  of 
Intensities  considered  was  smaller  and  the  data  was  Interpreted  in  terms  of 
a  homogeneously  broadened  two- level  model  with  Is  £  50  MW/ cm2.  ye  find 
the  data  to  be  better  approximated  by  an  Inhomogeneous ly  broadened  two- 
level  model,  where  the  deviation  between  the  two  functional  forms  for  the 
intensity  dependence  of  the  absorption  coefficient  becomes  apparent  for  I  £ 
*s* 

Values  of  the  saturation  Intensities  In  the  materials  with  small  spin- 
orbit  splittings  are  generally  larger  than  the  values  In  materials  with 
larger  spin-orbit  splittings  such  as  Ge  and  GaAs.  This  difference  Is  pri¬ 
marily  due  to  the  relatively  slow  splitting  between  the  valence  bands  with 
increasing  |k|.  This  leads  to  larger  scattering  rates  for  the  states  In¬ 
volved  In  the  transitions  and  thus  large  values  for  the  saturation  intensity. 
The  deformation  potentials  and  the  values  of  the  optical  matrix  elements 
also  play  an  Important  role  In  determining  the  value  of  the  saturation 
Intensity. 


G.  Intensity  Dependence  of  the  Conductivity 

Since  the  absorption  of  light  modifies  the  distribution  of  free  holes, 
one  expects  a  change  In  the  sample  conductivity  upon  illumination.  Because 
the  density  of  states  in  the  heavy-hole  band  is  much  greater  than  that  in 
the  light-hole  band,  the  photoexcited  holes  primarily  scatter  into  high 
energy  states  In  the  heavy-hole  band.  Thus,  the  dominant  change  in  the 
distribution  function  Is  an  increase  In  the  average  energy  of  occupied 
states  in  this  band.  For  temperatures  and  doping  levels  for  which  phonon 
scattering  dominates  the  momentum  relaxation,  the  conductivity  decreases 
upon  illumination  because  the  rate  of  phonon  scattering  increases  with 
Increasing  hole  energy.  For  lower  temperatures  or  higher  doping  levels 
where  ionized  impurity  scattering  dominates  the  momentum  relaxation,  the 
conductivity  Increases  with  Illumination  because  ionized  impurity  scat¬ 
tering  decreases  with  increasing  hole  energy.  These  photoconductive 
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effects  have  been  observed  experimentally  and  have  been  shown  to 
Influence  the  performance  of  p-Ge  photon  drag  detectors.4®"6®  In  this  sec¬ 
tion  we  present  the  results  of  a  calculation  of  the  photoconductive  response 
of  p-Ge  upon  illumination  by  10.6um  light  as  a  function  of  doping  level, 
temperature  and  intensity. 

Previous  calculations  of  this  photoconductive  response  have  been  based  on 
Idealized  models  In  which  the  Ge  valence  bands  have  been  replaced  by  a  set 
of  discrete  energy  levels,  each  characterized  by  an  effective  mobility.46"47 
In  addition,  the  effects  of  saturation  of  the  Interval ence-band  transitions 
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were  not  Included,  so  that  the  results  could  only  be  applied  for  low  inten¬ 
sities.  Using  the  calculated  hole  distribution,  we  determine  the  photocon- 
ductlve  response  in  both  the  linear  and  nonlinear  regimes.  We  find  reason¬ 
able  agreement  with  experimental  results. 

The  Intensity  dependence  of  the  conductivity  is  given  by  the  following 

Cl  CO 

expression  for  an  electric  field  In  the  z-dlrection 
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Here,  Is  the  hole  density,  f{}(k)  Is  the  distribution  function  In  the 
heavy-hole  band  subject  to  the  laser  light  but  with  no  external  electric 
field,  vb2  Is  the  group  velocity  of  the  carrier  In  band  b  for  k  In  the  z- 
dlrectlon,  -r^k)  [Tt(k)]  Is  the  momentum  relaxation  time  due  to  scattering 
of  holes  with  wavevector  k  In  the  heavy-  [light-]  hole  band  by  phonons  and 
Ionized  Impurities,53  and  e(k)  Is  defined  by  Eq.  (19c)  and  describes  the 
excitation  of  the  hole  carrier  by  the  high- Intensity  light. 

In  Fig.  11  we  show  the  calculated  results  for  (-ao/o I)  vs  In  the 
low  Intensity  regime  where  to  Is  proportional  to  I.  The  calculation  was 


done  for  room  temperature  Ge  illuminated  by  x*10.6um  light.  The  conduc¬ 
tivity  has  decreased  upon  illumination.  The  primary  effect  of  illumination 
on  the  hole  distribution  is  to  increase  the  population  of  high  energy  holes 
in  the  heavy-hole  band.  At  room  temperature  and  for  the  doping  levels  con¬ 
sidered  here,  hole-phonon  scattering  limits  the  conductivity.  Since  hole- 
phonon  scattering  rates  Increase  with  Increasing  hole  energy,  the  conduc¬ 
tivity  decreases  with  illumination.  For  hole  densities  between  about  1014- 
4xl015  cnr3,  (-ao/oI)  is  essentially  Independent  of  Nf,.  In  this  region 
hole-impurity  scattering  makes  a  negligible  contribution  to  the  scattering 
rates.  For  hole  densities  greater  than  about  4xl015  cm"3,  (-ao/oI) 
decreases  with  increasing  N*,.  In  this  regime,  hole-impurity  scattering 
begins  to  play  a  role  In  limiting  the  mobility.  Hole-impurity  scattering 
rates  decrease  with  increasing  hole  energy.  As  a  result  the  fractional 
Increase  In  the  total  scattering  rate  (hole-phonon  plus  hole- impurity)  does 
not  Increase  as  much  with  Increasing  hole  energy  in  the  more  heavily  doped 
samples.  In  addition,  the  hole  distribution  is  not  as  strongly  modified  by 
lllunlnatlon  of  a  given  Intensity  In  the  more  heavily  doped  samples  due  to 
the  Increase  in  hole-ionized  Impurity  and  hole-hole  scattering  which  tends 
to  maintain  the  equilibrium  distribution.  For  hole  densities  less  than 
about  1014  cm-3,  (-ao/oI)  decreases  with  decreasing  hole  density.  This 
decrease  Is  due  to  the  Increased  contribution  to  the  conductivity  of  free 
electrons  whose  distribution  Is  not  strongly  modified  by  Illumination.  (In 
Ge  at  300K,  the  Intrinsic  density  Is  about  2xl0*3  cnr3).  Also  shown  In 
Fig.  11  are  the  available  experimental  results.  There  Is  considerable 
variation  In  the  results  reported  by  the  various  authors.  Our  calculated 
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values  are  in  fairly  good  agreement  with  the  data  of  Gibson  et  aU  and 
48 

those  of  Maggs. 

In  Fig.  12  we  present  our  results  for  the  temperature  dependence  of 
(ao/oI)  for  a  hole  concentration  of  2xlo!6  cnr3.  ue  choose  this  value  for 
the  hole  density  since  measurements  exist  and  the  change  in  the  conduc¬ 
tivity  was  observed  to  change  sign  over  the  temperature  range  that  was 
45 

reported.  We  note  that  the  change  In  the  conductivity  is  negative  for 

temperatures  greater  than  about  100K  and  becomes  positive  for  lower  tem¬ 
peratures.  In  the  higher  tsmperature  regime,  hole-phonon  scattering  plays 
a  greater  role  in  determining  the  momentum  relaxation  than  hole- Impurity 
scattering  and  thus  the  conductivity  decreases  upon  illumination.  In  the 
lower  temperature  regime,  hole-ionized  impurity  scattering  dominates  the 
momentum  relaxation  and  the  conductivity  increases  upon  illumination.  The 
temperature  at  which  ao  changes  sign  depends  on  the  doping  level.  At  lower 

doping  levels,  the  sign  change  in  ao  occurs  at  lower  temperatures.  This 
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effect  has  been  observed  experimentally.  In  addition,  we  note  that  the 
magnitude  of  |ao/ol|  decreases  as  the  temperature  Increases  from  about 
150K.  This  decrease  is  due  to  a  decrease  in  the  rate  of  phonon  scattering 
at  the  lower  tenperatures.  As  a  result  of  the  decreased  scattering  rate, 
the  hole  distribution  is  more  strongly  modified  by  a  given  light  intensity 
at  the  lower  temperatures .  The  experimental  results  of  Refs.  43  and  45  are 
Included  in  Fig.  12.  The  data  show  the  same  qualitative  features  as  the 
calculated  results.  The  calculation  gives  somewhat  larger  values  for 
|ao/ol|  than  were  observed  In  Ref.  45.  From  Fig.  11  we  note  that  the  room 
temperature  results  reported  In  Ref.  45  are  systematically  smaller  than 
those  of  Refs.  44  and  48. 


Because  of  interest  in  the  performance  of  photon-drag  detectors  at 
high  laser  intensities,48’5®  we  also  examine  the  photoconduct ive  response 
of  p-Ge  at  intensities  for  which  saturation  effects  start  to  become  impor¬ 
tant.  In  Fig.  13  we  present  the  results  of  our  calculation  of  (-Ao/ol)  as 
a  function  of  for  different  light  intensities.  The  curve  for  0.05  MW/ cm2 
is  in  the  linear  regime.  At  the  higher  Intensities,  (-A0/0)  increases  with 
Increasing  intensity  at  a  rate  which  is  slower  than  linear.  The  nonlinear 
behavior  is  due  to  saturation  of  the  Intervalence-band  transitions.  The 
shape  of  the  curves  at  any  given  intensity  are  similar.  We  are  not  aware 
of  any  direct  measurements  of  Uc/ol)  at  these  high  intensities;  however, 
both  saturable  absorption1,7’5  and  nonlinear  photon-drag  voltages48,50  have 
been  seen  experimentally.  It  is  possible  that  this  saturation  effect  could 
account  for  some  of  the  variation  in  the  experimental  results  shown  in  Fig. 
11. 

III.  NONLINEAR  ABSORPTION  IN  n-TYPE  GERMANIUM 
In  this  section  we  present  a  quantitative  investigation  of  the  for¬ 
mation  of  a  laser-induced  plasma  in  n-type  or  intrinsic  germanium  by 
absorption  of  lOvm  light.  For  this  spectral  region  the  material  Is  rela¬ 
tively  transparent  *t  low  intensity  and  is  often  used  as  a  window  material 
for  CO2  lasers.  Germaniun  has  also  been  used  as  phase-conjugate  mirrors  at 
10.6um  via  degenerate  four-wave  mixing.  Recently,  amplified  reflection 
at  10.6»fli  has  been  observed  via  degenerate  four-wave  mixing  In  an  optically 
induced  free-carrler  plasma  In  germanium.10 

Experimentally,  It  Is  observed  that  n-germanlum  exhibits  an  Increase 

2-3  9 

In  the  absorption  coefficient  with  increasing  intensity.  •  This 
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laser- induced  “opacity"  has  a  decay  time  of  about  lOOusec,  which  is  on  tne 

order  of  the  electron-hole  recombination  time  in  germanium.  The  increase 

in  the  absorption  coefficient  at  high  intensities  has  been  shown  through 

2-3 

photoconductivity  measurements  to  result  from  the  formation  of  electron- 
hole  pairs  and  subsequent  free  carrier  absorption.  Two  mechanisms  have  been 
proposed  to  describe  the  generation  of  the  electron-hole  pairs  by  the  below 
gap  light.  In  one  model,  multi  photon  absorption  is  invoked.  For  absi,'-p- 
tion  at  the  direct  gap  at  least  seven  photons  must  be  involved,  absorption 
at  the  indirect  gap  requires  six  photons  (and  one  phonon)  at  10.6um  or  five 
photons  (and  one  phonon)  at  9.6ym.  In  the  second  model,  the  excess 
electron-hole  pairs  are  generated  by  impact  ionization.  That  is,  the  high 
intensity  light  Increases  the  average  energy  of  the  conduction  electrons 
initially  present  (n-type  material).  When  an  electron  (or  hole)  has  an 
energy  relative  to  its  band  minimum  in  excess  of  the  band  gap  energy,  the 
hot  carrier  Is  able  to  lose  energy  by  creating  an  electron-hole  pair.  Here 
we  consider  the  second  model  (which  we  believe  to  be  the  more  likely).  To 
describe  the  process,  we  set  up  and  solve  rate  equations  to  determine  the 
hot-electron  distribution  as  a  function  of  laser  Intensity.  We  then  find 
the  rate  at  which  electron-hole  pairs  are  generated.  The  absorption  pro¬ 
duced  by  the  excess  carriers  Is  then  found.  We  compare  our  results  with 
the  experimental  results  of  Ref.  10  and  of  Refs.  2  and  3.  The  experimental 
results  reported  by  these  two  groups  are  In  disagreement.  Our 
results  are  in  good  agreement  with  the  results  reported  in  Ref.  10  but 
cannot  account  for  the  much  lower  threshold  intensities  for  electron-hole 
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pair  generation  which  are  reported  in  Refs.  2  and  3.  There  are  no  fitting 
parameters  in  our  calculation.  If  the  threshold  intensities  reported  in 
Ref.  10  prove  to  be  correct,  our  calculation  strongly  suggests  that  impact 
Ionization  is  indeed  the  mechanism  responsible  for  the  observed  generation 
of  excess  electron-hole  pairs  by  high  intensity  CO2  radiation  in  3e.  On 
the  other  hand,  if  the  much  lower  threshold  intensities  reported  in  Refs.  2 
and  3  prove  to  be  correct,  our  calculation  strongly  suggests  that  impact 
ionization  cannot  be  invoked  to  explain  the  electron-hole  pair  generation. 

We  consider  n-type  and  intrinsic  Ge.  Thus,  the  initial  electron  den¬ 
sity  is  greater  than  or  equal  to  the  initial  hole  density.  We  assume  that 
impact  ionization  is  larger  for  electrons  than  for  holes  and  only  include 
electron-hole  pair  generation  via  electron  impact  ionization  in  our  calcu¬ 
lations.  There  are  two  reasons  for  this  assumption:  the  hole-optical  pho¬ 
non  coupling  Is  somewhat  stronger  than  the  electron-optical  phonon  coupling 
(thus  the  energy  relaxation  for  the  holes  is  somewhat  stronger  than  for 
electrons)  and  the  Intra valence-band  optical  absorption  cross  sections  are 
somewhat  smaller  than  the  intraconducti on-band  cross  sections  (thus  the 
electrons  are  more  easily  optically  excited).  Note  that  the  interval ence- 
band  cross  sections  for  free  holes  are  large,  but  to  excite  a  hole  to  an 
energy  for  which  impact  Ionization  is  possible  would  require  that  many  pho¬ 
tons  be  absorbed.  Direct  Intervalence-band  absorption  can  only  contribute 
at  the  low  energy  part  of  the  hole  distribution  where  the  heavy  and  light 
hole  bands  are  In  resonance  (that  Is,  only  the  “first"  photon  will  be 
absorbed  via  an  Intervalence-band  process  and  the  "other"  photons  must  be 
absorbed  via  the  intra valence-band  process).  If  the  hole  Impact  ionization 
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were  comparable  to  electron  impact  ionization  our  results  would  be  only 
slightly  modified,  even  for  undoped  material,  because  the  impact  ionization 
rates  are  a  very  strong  function  of  intensity.  Thus,  if  the  electron-hole 
pair  generation  rates  as  a  function  of  intensity  were  (say)  doubled,  the 
intensity  required  to  produce  a  fixed  generation  rate  would  be  only 
slightly  modified.  Of  course,  for  n-type  material  there  are  initially  few 
holes  and  the  hole  Impact  ionization  process  would  have  to  significantly 
exceed  the  electron  process  to  invalidate  our  procedure.  In  p-type 

i 

material,  impact  ionization  by  holes  may  dominate  (at  least  initially) 

because  there  are  very  few  electrons  present.  Thus,  we  expect  that  the  \ 

threshold  intensity  for  electron-hole  pair  formation  in  p-type  material  ; 

should  be  somewhat  larger  than  In  n-type  material. 

A.  Calculational  Approach 

Simplified  rate-equation  models  have  previously  been  presented  in 
which  the  conduction  band  is  divided  into  a  discrete  set  of  energy  levels 
with  an  energy  separation  of  the  photon  energy*1  or  the  longitudinal  opti¬ 
cal  phonon  energy.**  These  calculations  have  been  applied  to  studying 
carrier  multiplication  in  InSb,  Hg.77Cdo.23Te  and  InAs  by  10.6vm  light 
pulses.  For  these  materials  the  relaxation  of  the  energetic  electrons  is 
largely  determined  by  polar  optical  phonon  scattering,  while  for  germanium, 
nonpolar  optical  phonon  scattering  dominates  the  energy  relaxation  of  the 
energetic  carriers.  The  rate  equations  to  be  solved  for  the  distribution 
of  free  electrons  have  the  following  form 
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where  fCk  is  the  one-electron  occupation  probability  for  a  state  witn  wave- 
vector  k  in  band  c,  fc®  is  the  thermal  equilibrium  value  for  the  distribu- 
tion  fCk,  and  Rck-*c'k‘  is  the  rate  *t  which  an  electron  with  wavevector  k 
in  band  c  is  scattering  into  a  state  with  wavevector  k'  in  band  c'. 

Recombination  and  impact  ionization  are  slow  compared  to  the  electron- 
phonon  scattering  rates  and  these  processes  are  not  included  in  Eq.  (39). 
Thus,  Eq.  (39)  is  used  to  determine  the  electron  energy  distribution  for  a 
fixed  number  of  electrons.  This  energy  distribution  is  then  used  to  find 
the  impact  ionization  generation  rate.  This  generation  rate  is  used  to  find 
the  density  of  carriers  as  a  function  of  time  for  a  given  optical  pulse 
shape.  The  recombination  rates  are  very  slow  (lifetimes  on  the  order  of 
100  usee,  while  the  laser  pulse  we  consider  is  a  few  tens  of  nsec  or  less) 
and  can  be  ignored.  For  Intensities  near  the  threshold  for  plasma  genera¬ 
tion,  the  intraband  scattering  rates  for  the  highest  energy  electron  states 
which  are  occupied  with  reasonable  probability  are  fast  compared  with  the 
impact  ionization  rates.  Thus,  our  procedure  should  be  reasonable  for 
these  Intensities.  At  very  high  electron  energies  (eel  £  1.6  eV),  the 
Impact  Ionization  rates  become  comparable  to  the  Intraband  scattering  rates 
we  consider  and  our  approach  breaks  down.  However,  these  very  high  energy 


states  are  only  reached  with  reasonable  probability  for  intensities  con¬ 
siderably  larger  than  the  threshold  intensity. 

For  10um  light  the  dominant  absorption  mechanism  in  n-type  germanium 
is  free  carrier  absorption,  where  an  electron  absorbs  a  photon  and  is 
excited  to  a  state  in  the  same  band.  The  cross  section  for  this  process  is 
smaller  than  that  for  intervalence-band  free  hole  transitions,  since  in  the 
case  of  free  electron  absorption  the  conservation  of  energy  and  crystal 
momentun  cannot  both  be  satisfied  without  the  interaction  of  a  third  par¬ 
ticle  such  as  a  phonon  or  impurity.  In  a  free-electron  approximation,  one 
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can  derive  expressions  for  the  cross  section  by  perturbation  methods. 

The  results  of  these  calculations  indicate  that  impurity  density  plays  an 
important  role  in  determining  the  cross  section. 

At  low  light  intensity  (linear  regime),  the  free  electrons  occupy 
states  near  the  conduction  band  mimima  where  the  bands  can  be  described  by 
effective  mass  theory.  However,  in  this  problem  we  are  interested  in  exci¬ 
tation  rates  for  electrons  which  are  highly  energetic  with  energies  as  high 
as  2-3  times  the  bandgap.  We  assune  that  the  excitation  rates  depend  only 
on  the  density  of  final  states  to  which  the  electrons  can  be  excited  by  the 
absorption  of  a  photon.  Thus,  the  excitation  rates  depend  on  the  energy  of 
the  carrier  and  increase  as  the  density  of  final  states  increases.  The 
constant  of  proportionality  in  the  excitation  rates  is  determined  by 
requiring  that  at  low  light  intensities,  the  calculated  value  for  the  cross 
section  agree  with  the  experimental  measurements.  Thus,  the  term  in  Eq. 
(39),  which  describes  the  rate  of  change  of  the  distribution  due  to  absorp¬ 
tion,  connects  a  state  with  energy  c  to  the  energy  surfaces  e  +  t»tc,  where 
tiaj  is  the  photon  energy. 


-51- 


The  state  with  energy  e  is  depleted  by  one-photon  transitions  which 
excite  the  electron  to  energy  t  +  fiu,  and  the  state  is  fed  by  one-photon 
transitions  from  states  with  energy  z  -  fiu».  Only  one-photon  transitions 
are  included  In  the  analysis.  Thus,  in  the  calculation,  the  hot  electrons 
which  can  undergo  impact  ionization  pair-producing  events  are  generated  by 
successive  one-photon  transitions. 

In  order  to  calculate  the  occupation  probabilities,  we  must  also  know 
the  free-electron  scattering  rates.  We  consider  the  region  of  temperature 
and  impurity  density  for  which  the  scattering  is  dominated  by  lattice  scat¬ 
tering.  The  optical  phonon  dispersion  curve  is  relatively  flat,  and  we 
take  the  optical  phonon  energy  to  be  discrete  with  an  energy  of  37  meV.  We 
consider  the  scattering  of  electrons  from  acoustical  phonons  to  be  an 
elastic  process.  This  approximation  Is  valid  for  the  scattering  of 
electrons  from  acoustical  phonons  with  small  q,  but  does  not  account  for 
the  energy  relaxation  of  energetic  electrons  associated  with  large  q 
electron-acoustical  phonon  Interactions.  For  electron  energies  less  than 
the  band  gap,  the  rate  of  energy  loss  Is  dominated  by  optical  mode  scat¬ 
tering;  however,  for  larger  energies,  this  approximation  somewhat  under¬ 
estimates  the  rate  of  energy  relaxation  of  the  hot  electrons  by  the 
emission  of  phonons.  Making  these  assumptions  regarding  lattice  scattering 
events,  the  states  with  energy  e  in  Eq.  (39)  directly  couple  to  only  the 
surfaces  In  k-space  with  energy  e  and  c  i  tiu^,  by  lattice  scattering  events, 
where  tHu*,  Is  the  optical  phonon  energy.  We  describe  the  scattering  due  to 

the  combined  longitudinal  and  transverse  nonpolar  optical  phonons  by  an 
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energy-dependent  relaxation  time 
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Here,  1/tac-  is  the  scattering  rate  due  to  the  combined  longitudinal  and 
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traverse  acoustical  phonons  given  by 


(n^)1*  kBT 


(41) 


where  ^  *«  0.75  ~][1.31  »  1.61  -  J  ~=~ ^  *  1.01  (~y~ J)2].  (42) 

In  Eq.  (41)  ir^  (m*)  is  the  transverse  (longitudinal)  effective  mass,  p  -is 
the  crystal  density,  Ux  is  the  longitudinal  sound  velocity,  and  -  uand 

-  ....  to 

—  j  are  the  deformation  potential  constants  as  defined  by  Herring.  The 
quantity  ('fypo)  1s  the  11,68,1  ^ree  time  for  8  carrier  to  be  scattered  out 
of  a  state  e(k)  by  interaction  with  an  acoustical  (optical)  phonon.  Since 
the  matrix  elements  are  independent  of  the  directions  of  k  and  k'  (*  k  +  q), 
tAC  ancl  TNP0  8re  8^so  equal  to  the  relaxation  time  for  this  type  of  scat¬ 
tering  given  a  perturbation  which  creates  a  small  disturbance  from 
equilibrium.  The  numerical  value  for  the  constants  appearing  in  the  scat¬ 
tering  rates  are  shown  in  Table  VI.  The  value  of  (  —  \ was 

eg 

chosen  to  be  0.4  so  the  experimentally  observed  temperature  dependence  of 
the  mobility  could  be  duplicated  without  invoking  additional  scattering 
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mechanisms.  Following  Conwell ,  we  determine  —  using  the  measured 
values  of  the  interaction  constant  D  for  nonpolar  optical  modes  and  the 
relation 

D2Ut2/  j2  wo2  -  0.4  .  (43) 

The  interaction  constant  D  can  be  determined  from  high  field  transport 
measurements.  From  the  magnitude  of  the  saturation  drift  velocity60  one 
obtains  5xl08  eV/cm  and  from  the  temperature  dependence  of  the  saturation 
drift  velocity6*  one  obtains  7xl08  eV/ cm.  We  take  an  average  of  these  two 
results  D*6xl08  cm/sec,  which  gives  ^  •  9.1  eV. 

Both  the  phonon  scattering  and  photon  absorption  processes  tend  to 
randomize  the  crystal  momentum  of  the  final  state,  although  energy  conser¬ 
vation  still  holds  in  the  interactions.  As  a  result,  a  detailed  calcula¬ 
tion  of  e(k)  is  not  necessary  since  one  only  needs  information  about  the 

electronic  density  of  states  p(e).  The  density  of  states  is  taken  from  the 
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nonlocal  pseudopotential  calculations  of  Chelikowsky  and  Cohen. 

The  rates  for  the  inelastic  scattering  of  electrons  by  the  production 
of  electron-hole  pairs  are  computed  by  first-order  perturbation  theory  by  a 
method  developed  by  Kane.  Because  there  are  three  occupied  final  states, 
the  cross  section  for  impact  Ionization  is  a  strongly  varying  function  of 
the  hot  electron  energy  near  threshold  due  to  density  of  states  considera¬ 
tions.  In  the  impact  ionization  event,  an  energetic  electron  with  energy 

greater  than  Eg  Interacts  with  an  electron  In  the  valence  band  producing  a 
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free  electron-hole  pair.  Following  Kane,  we  write  the  impact  Ionization 
rate  for  an  electron  with  energy  e  as 
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w(e)  *  A  j  p  (e2 )p(c3 )<3(c4 )  6  (e  -  C2  -  £3  -  C4)  de2de3de4, 

where 


A  -  —  [  |Ha|2  +|Mb|2  -  (MaMb  +  MaMb)/2  ]  /(8HC). 


(44a) 

(44b) 


Here,  p  Is  the  density  of  electron  states  and  Nc  is  the  number  of  unit 
cells.  Ma  and  Mb  are  the  direct  and  exchange  screened  Coulomb  matrix  ele¬ 
ments  defined  as 


Ma 


Fcv  Fcc 

lkJ  -  ki!2  +  45* 


(45a) 


and 


Mb 


Fcc  Fcv  ^*-1^ 

k  -  k'  2  +  L-2 
t2  -1  L0 


(45b) 


where 

Fnn'  *  /  Un  ^  un'(^,r)  d3r.  (45c) 

unit 
cell 


Here,  V  is  the  volume,  Un  is  the  periodic  part  of  the  Bloch  function,  and  Lq 
is  the  Debye  Length.  In  Eqs.  (45),  k2  is  the  wavevector  of  the  Initial  hot 
electron  in  the  conduction  band,  kj  is  the  wavevector  of  the  additional 

1 

electron  in  the  conduction  band  produced  by  the  Impact  ionization  event,  kj 
is  the  wavevector  of  additional  hole  in  the  valence  band  produced  by  the 

I 

impact  ionization  event,  and  £2  Is  the  wavevector  of  the  free  electron  in 
the  conduction  band  after  the  Impact  ionization.  Following  Haug  and  Ekardt,®* 
the  direct  Coulomb  term  Is  screened  by  the  dielectric  constant,  but  not  the 
exchange  term.  Although  there  are  some  questions  with  regard  to  the  validity 
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of  this  assumption,  this  treatment  of  the  exchange  terms  gives  better 


agreement  with  the  measured  Auger  recombination  rates  in  Ge  and  Si 
The  overlap  integrals  in  Eqs.  (45)  are  estimated  to  be 
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Here,  the  value  for  |Fnn|2  follows  from  k  •  p  perturbation  theory  and  the 
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value  for  | Fn ■ n | 2  corresponds  to  values  approximated  by  Huldt. 

a 

Since  germaniim  is  indirect  with  a  conduction  band  minima  in  the  [111] 
direction  at  the  zone  edge,  near  threshold  | jcj  -  ki|  —  |k2  -  Kill/2, 
where  Km  Is  the  minimum  non-zero  reciprocal  lattice  vector  in  the  [111] 
direction.  This  approximation  to  the  matrix  elements  is  less  valid  for  hot 
electrons  far  above  the  pair- producing  threshold.  In  silicon  the  variation 
of  the  squared  matrix  element  is  about  30%  for  primary  electron  energies 
between  5  and  8  eV.63 


B.  Results  and  Discussion 

Using  the  densities  of  states  of  Ref.  62  in  Eq.  (44a),  we  calculate 
the  impact  ionization  rates  as  shown  In  Fig.  14.  We  see  that  the  scat¬ 
tering  rates  are  a  strong  function  of  the  primary  hot  electron  energy, 
especially  near  threshold.  The  scattering  rate  for  electrons  by  pair- 
producing  collisions  Is  equal  to  the  scattering  rate  for  electron- phonon 
Interactions  for  free  carriers  with  an  energy  of  about  three  times  the 
bandgap. 
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In  the  absence  of  the  inelastic  pair-producing  collisions,  the  high- 
intensity  light  increases  the  average  energy  of  the  free  electrons  and  a 
steady-state  distribution  is  attained  on  the  time  scale  of  a  few  pico¬ 
seconds.  Since  the  laser  pulses  used  In  the  experiments  are  much  larger 
than  a  psec,  any  transient  effects  not  associated  with  pair  generation 
would  be  damped  out.  We  first  solve  for  steady-state  solutions  of  Eq.  (39) 
The  occupation  probability  for  a  state  with  energy  e  is  coupled  to  the 
energy  surfaces  at  c  t  fiu  and  e  t  tm>0.  In  the  numerical  calculations,  we 
divide  the  energy  space  into  a  grid  with  intervals  of  I  meV  for  energies  in 
the  range  of  0  to  2.50  eV.  The  equation  for  f(e)  is  represented  by  a  set 
of  linear  algebraic  equations  as  a  consequence  of  the  discreteness  of.  the 
photon  and  optical  phonon  energy.  For  example,  for  a  state  with  energy 
greater  than  the  phonon  energy  hog  and  less  than  the  photon  energy  ito,  the 
occupation  probability  is  coupled  to  the  energy  surface  e  +  tuu  by  photon 
absorption  and  to  the  energy  surfaces  c  t  hw0  by  optical  phonon  interac¬ 
tions.  The  steady  state  equation  can  be  written  as 


:(k )  <fia) 


f*(k) 


b(i)  TPh  Cfeqo 
1  ♦  8(1 ! 


*  fe+hu>(I )  3 
Tph 


Tph  F(e) 

+  lV6(l>Tph  •<"> 


Here,  we  have  defined  the  auxiliary  functions 

TphU)  ’c'k'  Rck-c'k'  • 

F( e)  *  X  [  Rc’k'-ck  (fc'k'  '  ^'k'5]* 
c'k'  ... 


(48a) 

(48b) 


8(1)  Is  the  transition  rate  by  photon  absorption  out  of  a  state  with  wave- 
vector  k  and  fc'(I)  is  the  probability  that  a  state  on  the  energy  surface 
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e'  is  occupied  by  an  electron.  The  excitation  rate  6(1)  can  be  written  as 
o(e,w)I 

B(I.E)  -  - .  (49) 

where  o(e,w)  determines  the  free  electron  absorption  cross  section  for  a 
photon  with  energy  twu  through  the  relationship 

o(u>)  *  I  o(e(k),w)f(e(k)).  (50) 

k 

We  assume  that  o(e,u>)  is  proportional  to  the  density  of  electron  states  at 
e  +  Tiu,  where  the  constant  of  proportionality  is  determined  using  £q.  (50) 
and  requiring  that  at  low  light  intensities  (linear  regime),  the  calculated 
value  for  the  cross  section  o(<u)  agree  with  the  experimental  results.  In 
solving  for  the  distribution  and  the  constant  of  proportionality  in  o(e,u>), 
we  assume  that  nondegenerate  statistics  can  be  used.  We  use  a  cross  sec¬ 
tion  of  4.8xl0-17  cm2  at  10.6um  and  room  temperature  determined  from  the 
measurements  of  Ref.  55.  The  excitation  rates  are  directly  proportional  to 
the  product  of  the  f ree-el ectron  cross  section,  the  light  intensity,  and 
the  density  of  final  states,  so  that  a  different  free-electron  cross  sec¬ 
tion  could  be  used  by  scaling  the  light  Intensity.  All  calculations  are 
performed  assuming  no  Increase  In  the  lattice  temperature,  that  Is,  for 
laser  pulses  of  sufficiently  short  duration  that  thermal  effects  can  be 
Ignored.  We  solve  the  equations  by  an  iterative  method  to  determine  the 
distribution  of  free  electrons  with  energies  greater  than  Eg  as  a  function 
of  the  laser  intensity.  We  first  substitute  the  thermal  equilibrium  values 
for  the  occupation  probabilities  on  the  right  hand  sides  of  the  set  of 
algebraic  equations  similar  to  Eq.  (47).  Then  we  continue  to  Iterate  the 
set  of  equations  until  convergence.  We  find  that  for  sufficiently  high 
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intensities,  a  significant  fraction  of  the  total  electron  density  is 
excited  to  states  with  energies  greater  than  the  bandgap.  For  example,  the 
calculated  electron  density  with  energy  greater  than  Eg  is  0.0017%,  0.070%, 
and  2.4%  of  the  total  electron  density  for  light  with  a  wavelength  of 
10.6um,  room  temperature  conditions,  and  Intensities  of  20,  50,  and  100 
MW/cm2,  respectively.  We  see  that  for  light  intensities  of  about  100 
MW/cm2,  a  significant  fraction  of  the  total  electron  density  are  energeti¬ 
cally  capable  of  pair-producing  inelastic  collisions. 

In  our  calculation  of  the  excitation  rates,  the  energy  dependence 

enters  through  the  density  of  final  states,  which  increases  with  increasing 
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electron  energy  up  to  an  energy  of  about  2  eV.  Thus,  as  the  average 
energy  of  the  electron  system  is  increased  by  the  high  intensity  light,  the 
average  excitation  rate  by  indirect  intraband  absorption  is  increased, 
since  there  is  a  larger  density  of  final  states  to  which  the  electrons  can 
be  excited.  Using  the  calculated  steady-state  values  for  the  intensity 
dependence  of  the  distribution,  we  calculate  an  intensity  dependence  in  the 
f ree-el ectron  cross  section.  The  results  for  oe(I),  normalized  to  oe(l»0), 
are  shown  in  Fig.  15  for  room  temperature  conditions  and  light  having  a 
wavelength  of  10.6um  and  9.6wm.  We  find  that  the  f ree-el ectron  cross  sec¬ 
tion  Increases  approximately  linearly  with  increasing  light  intensity. 

Thus,  the  absorption  coefficient  would  Increase  with  Increasing  intensi  ty 
even  In  the  absence  of  the  pair-production  processes. 

We  now  calculate  the  buildup  rate  of  free  el ectron- hole  pairs  by  the 
impact  ionization  events.  Using  the  values  for  the  electron  scattering 
rates  by  pair  production  and  the  calculated  values  for  the  steady-state 


■  * 
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occupation  probabilities  for  states  with  energy  greater  than  Eg,  we  calcu¬ 
late 


dNe  ,  . 

-Jt  *  I  n,*w(ei)  cNe»  (51) 

e1^9 

where  Ne  is  the  total  free  electron  density  and  n^  is  the  free  electron 
density  in  the  1*h  energy  interval.  Eq.  (51)  defines  an  exponential  growth 
rate  c.  In  the  numerical  calculations,  energy  intervals  of  1  meV  were  used 
in  the  sun  over  i  in  Eq.  (51).  In  Fig.  16,  we  show  the  calculated  values 
for  the  exponential  buildup  rate  for  intensities  in  the  range  of  0  to  240 
MW/cm2.  The  calculation  was  performed  for  room  temperature  conditions  with 
the  solid  line  showing  the  results  at  10.6um,  and  the  dashed  line  showing 
the  results  at  9.6pm.  In  the  calculated  values  at  9.6pm,  a  small-signal 
free  electron  absorption  cross  section  of  4xl0"17  cm2  was  used,  estimated 
from  the  infrared  absorption  measurements  of  Ref.  55.  We  find  that  the 
plasma  formation  thresholds  for  light  at  10.6pm  and  9.6pm  are  approximately 
the  same.  For  a  given  light  Intensity,  the  exponential  buildup  factor  is 
slightly  larger  at  10.6pm  primarily  due  to  the  larger  free-electron  cross 
section,  which  produces  larger  excitation  rates  in  Eq.  (39). 

In  Fig.  17,  we  show  the  calculated  values  for  the  exponential  growth 
rate  as  a  function  of  the  light  intensity  and  temperature  for  10.6pm 
radiation.  The  curves  are  for  sample  temperatures  of  200,  300,  and  450K 
for  Intensities  In  the  range  of  0  to  240  MW/cm2.  in  the  calculation,  we 
use  a  free  electron  cross  section  of  3xl0”17  cm2  f0r  T»200K,  and  7xl0"17  cm2 
for  T-450K.  These  values  were  estimated  from  the  absorption  data  of  Ref. 

55.  The  temperature  dependence  of  the  bandgap  was  taken  to  be  dEg/dT  ■ 

CQ 

"0.45  meV/K  In  the  calculation.  We  find  that  the  exponential  growth  rate 


for  a  fixed  intensity  is  larger  at  higher  temperatures,  and,  therefore,  the 
threshold  for  the  formation  of  the  electron-hole  plasma  becomes  lower  as 
the  temperature  is  increased.  This  is  primarily  due  to  the  increase  in 
free  electron  cross  section  at  the  larger  temperatures.  The  temperature 
dependence  of  the  relaxation  rates  are  also  important  in  the  analysis.  The 
relaxation  rates  by  electron-phonon  interactions  increase  with  increasing 
temperature  so  that  they  in  part  cancel  the  effect  of  the  increasing  cross 
sections. 

In  Fig.  18,  we  show  the  fractional  change  in  the  free  electron  density 
for  light  with  a  wavelength  of  10.6ym  in  n-type  germanium  at  room  tem¬ 
perature.  Since  the  absorption  is  time  dependent  due  to  the  pair  produc¬ 
tion  events,  the  figure  shows  the  fractional  change  in  the  free-electron 
density  after  passage  of  an  optical  pulse  with  constant  power  density  and 
pulse  durations  of  0.5,  2,  10  and  100  nsec.  We  see  that  the  change  in  con¬ 
centration  has  a  large  intensity  and  pulse  length  dependence.  Thus,  a 
direct  comparison  to  experiment  requires  detailed  information  about  the 
instantaneous  intensities  of  the  input  pulse. 

We  now  examine  the  Intensity  dependence  of  the  absorption  coefficient, 
including  the  effect  of  indirect  free  electron  absorption,  indirect  free- 
hole  absorption,  direct  intervalence-band  hole  absorption,  multiphonon 
absorption,  and  plasma  formation.  In  Fig.  19,  we  show  values  for  the 
absorption  coefficient  normalized  to  the  small  signal  absorption  for  a 
wavelength  of  10.6vm  and  for  Intrinsic  and  optical  grade  germanium.  The 
values  are  shown  for  the  absorption  coefficient  at  the  end  of  an  optical 
pulse  of  constant  power  density,  and  a  pulse  duration  of  2  nsec  and  a  pulse 
with  a  duration  of  40  nsec.  The  multiphonon  absorption  coefficient  is 
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taken  to  be  0.03  cm“l,*®  the  free  hole  cross  section  is  taken  to  be 
lxlCr*7  cm2,  estimated  by  Drude-Zener  theory,  the  free-electron  cross  sec¬ 
tion  is  taken  to  be  4.9xl0*l7  cm2,  and  the  direct  intervalence-band  cross 
section  is  taken  to  be  6.8xl0~16  cm2.^  We  use  the  calculated  results  in 
Fig.  15  for  the  intensity  dependence  of  the  free-electron  cross  section  and 
assume  the  same  intensity  dependence  for  the  indirect  free-hole  cross  sec¬ 
tion.  This  is  not  a  critical  assumption  since  for  intrinsic  or  n-type 
materials  the  indirect  free-hole  cross  section  is  always  much  smaller  than 
the  other  absorption  processes.  For  the  intensity  dependence  of  the  direct 
free-hole  absorption  coefficient  ^(1),  we  write 

V>0) 

V>  VffiTfT  •  (S2) 

and  use  Is  ■  4  MW/cm2.  The  increase  in  free  electron-hole  pairs  is  calcu-  . 
lated  using  the  values  for  the  exponential  growth  rate  as  a  function  of 
intensity.  In  Fig.  19a,  we  show  the  calculated  values  of  b(I)/o(1«0)  for 
Intrinsic  germanium  (Ne  *  N*,  «  2.4xl()l3  cm"3)  at  the  end  of  a  2  nsec  pulse 
and  a  40  nsec  optical  pulse.  In  each  case,  the  absorption  coefficient  ini¬ 
tially  decreases  due  to  the  saturation  of  the  intervalence-band  absorption 
as  discussed  earlier  in  this  paper.  The  rapidly  rising  increase  in  the 
absorption  is  the  threshold  for  the  electron-hole  plasma  formation.  In 
Fig.  19b  the  calculated  values  for  the  absorption  coefficient  are  shown  for 
optical  grade  germanium  (Ne  ■  1.5xl014  cm-3).  In  this  case  we  do  not 
expect  to  observe  absorption  saturation  since  the  free  hole  density  is  much 
less  than  the  free  electron  density  In  thermal  equilibrium,  and  the  satura¬ 
tion  of  the  Intervalence-band  absorption  is  approximately  cancelled  by  the 
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increase  in  the  indirect  free  electron  absorption.  Values  for  the  thresh¬ 
old  for  plasma  formation  are  also  shown.  From  Fig.  19  one  sees  that  the 
threshold  occurs  at  somewhat  higher  Intensities  in  intrinsic  germanium  than 
in  the  n-type  optical  grade  germanium.  There  are  two  reasons  for  the 
higher  threshold  intensity  in  the  intrinsic  case:  first,  the  low  intens  ity 
absorption  coefficient  is  larger  in  the  intrinsic  case  owing  to  the  larger 
density  of  holes  and  the  large  interval ence-band  cross  section  for  the 
holes  (thus,  a  higher  density  of  electron-hole  pairs  must  be  generated  for 
the  same  fractional  Increase  of  the  absorption  coefficient  in  intrinsic 
germanium  compared  with  optical  grade  germanium),  and  second,  there  is  a 
smaller  density  of  electrons,  which  are  assumed  to  be  primarily  responsible 
for  initiating  the  impact  Ionization  process,  in  intrinsic  germanium  com¬ 
pared  with  optical  grade  germanium.  However,  since  the  carrier  generation 
rates  are  very  rapidly  increasing  functions  of  intensity,  the  difference  in 
the  thresholds  for  the  two  cases  is  rather  small. 

Experimentally,  the  transmission  as  a  function  of  intensity  in  intrin- 

2-3  10 

sic  and  optical  grade  germanium  has  been  reported  by  two  groups.  ’  In 
the  work  reported  in  Ref.  10,  the  laser  pulses  were  approximately  Gaussian 
In  time  with  a  FWHM  of  about  2  nsec.  The  transmission  data  was  interpreted 
in  terms  of  electron-hole  pair  formation.  For  intrinsic  germaniun  the  peak 
free  carrier  density  as  a  function  of  peak  laser  intensity  was  reported. 

The  reported  free  carrier  density  was  weakly  dependent  on  the  light  inten¬ 
sity  for  peak  Intensities  less  than  about  200  MW/cm2,  at  which  point  the 
free  carrier  density  began  to  Increase  rapidly  with  intensity.  These 
experimental  results  are  in  reasonably  good  agreement  with  our  calculated 
results.  We  find  a  threshold  of  about  140  MW/cm2  for  a  constant  intensity 
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pulse  of  2  nsec.  (This  threshold  is  taken  from  Fig.  18  and  setting  the 
threshold  as  the  intensity  for  which  &Ne/Ne  ■  1.)  For  intensities  greater 
than  the  threshold,  we  also  find  a  very  rapid  increase  in  carrier  dens  ity 
with  intensity.  Considering  the  various  uncertainties  in  the  calculation 
and  the  difficulties  in  direct  comparison  with  the  experimental  data  owing 
to  the  pulse  shapes,  we  find  this  level  of  agreement  satisfactory. 

The  results  in  Refs.  2  and  3  are  quite  different  than  those  of  Ref.  10. 
In  this  work  optical  grade  Ge  was  used.  The  multimode  laser  pulses  used  had 
a  spiky  structure  and  the  laser  intensities  quoted  were  averaged  values  ob¬ 
tained  by  assuming  a  clean  pulse  with  a  FWHM  of  80  to  90  nsec.  Under  these 
conditions,  thresholds  for  electron-hole  pair  formation  of  about  12  MW/cm2 
were  reported.  This  is  over  an  order  of  magnitude  smaller  than  the  thresh¬ 
olds  reported  in  Ref.  10.  The  longer  pulse  lengths  and  the  use  of  optical 
grade  rather  than  intrinsic  material  do  tend  to  push  the  thresholds  lower. 

We  calculate  that  for  a  constant  intensity  80  nsec  pulse  the  threshold  should 
be  about  80  MW/cm2.  Nonetheless,  there  is  a  large  discrepancy  between  the 
experimental  results  of  these  two  groups.  Our  theoretical  results,  based 
on  the  Impact  Ionization  model,  are  consistent  with  the  experimental  results 
of  Ref.  10  and  they  are  not  consistent  with  the  much  lower  threshold 
energies  reported  in  Refs.  2  and  3.  If  the  threshold  intensities  of  Ref. 

10  prove  correct  our  calculations  support  the  impact  ionization  model  for 
the  electron-hole  pair  formation.  If  the  threshold  intensities  of  Refs.  2 
and  3  prove  correct,  our  calculation  suggest  that  the  electron-hole  pair 
formation  cannot  be  explained  by  the  Impact  ionization  model. 
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SUMMARY  AND  CONCLUSIONS 

We  have  presented  calculations  of  the  intensity  dependence  of  the 
absorption  by  free  carriers  in  p-type  and  n-type  semiconductors.  The 
analysis  was  divided  into  two  sections,  one  discussing  the  absorption  of  CO2 
laser  light  by  free  holes,  and  the  other  discussing  the  absorption  by  free 
electrons.  In  the  first  section  we  reviewed  a  theory  of  the  saturation  of 
heavy-  to  light-hole  band  transitions  in  p-type  semiconductors  with  the 
diamond  or  zinc-blend  crystal  structure.  We  found  that  the  intensity 
dependence  of  the  absorpti  coefficient  is  closely  approximated  by  an 
inhomogeneously  broadened  two-level  model,  and  values  of  the  saturation 
intensity  were  presented  for  most  Groups  IV  and  III-V  semiconductors  for 
light  in  the  9-llnm  region.  For  the  temperature  and  concentration  range 
where  hole-phonon  scattering  dominates  hoi e- i mpuri ty  and  hole-hole  scat¬ 
tering,  Is  is  found  to  be  independent  of  hole  density.  For  larger  hole 
densities  where  hole  Impurity  and  hole-hole  scattering  are  important,  the 
saturation  intensity  increases  monotonically  with  increasing  hole  concen¬ 
tration.  This  behavior  is  consistent  with  experimental  results.  The 
dependence  of  the  saturation  intensity  on  photon  energy  has  been  computed 
and  compared  with  available  experimental  results.  Good  agreement  between 
theory  and  experiment  was  found.  We  have  predicted  the  dependence  of  the 
saturation  Intensity  on  temperature. 

We  have  also  used  the  theory  to  describe  the  Intensity  dependence  of 
the  real  part  of  the  dielectric  constant  in  p-Ge  due  to  modifications  of 
the  free-hole  distribution  function  by  the  high  intensity  laser.  We  find 
that  the  diagonal  components  of  the  susceptibility  increase  monotonical ly 
with  Increasing  Intensity,  and  that  the  Increases  in  the  susceptibility  are 
directly  proportional  to  the  concentration  of  free  holes  in  the  sample. 
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We  investigated  the  intensity  dependence  of  the  absorption  associated 
with  indirect  free-electron  transitions  in  germanium.  We  find  that  the 
cross  section  increases  with  increasing  intensity  as  the  electrons  are 
pumped  higher  into  the  conduction  band  by  the  absorption  of  light.  As  the 
intensity  is  further  incresed,  a  significant  fraction  of  the  electrons  have 
energy  greater  than  the  bandgap.  These  electrons  can  relax  by  inelastic 
pair- product ion  processes  creating  an  additional  electron-hole  pair.  This 
leads  to  a  rather  abrupt  increase  in  the  absorption  coefficient  with 
increasing  intensity.  Once  the  threshold  for  plasma  formation  is  attained, 
the  absorption  coefficient  is  a  strong  function  of  both  the  intensity  and 
duration  of  the  laser  pulse.  Values  for  the  exponential  growth  are  calcu¬ 
lated  as  a  function  of  wavelength,  temperature,  and  the  light  intensity. 
Comparison  with  experiment  is  required  to  determine  whether  impact  ioniza¬ 
tion  is  indeed  responsible  for  the  plasma  formation  and  the  resulting 
increase  in  absorption.  At  present,  experimental  results  are  in 
disagreement. 

Although  calculations  for  the  plasma  formation  were  performed  for  n- 
type  and  intrinsic  Ge,  a  similar  process  can  occur  in  p-type  material. 

There  are  two  possibilities  in  p-type  material:  the  impact  ionization  may 
be  initiated  by  a  hot  hole  distribution  or  the  small  number  of  electrons 
Initially  present  may  initiate  the  impact  ionization  process.  For  reasons 
previously  discussed,  we  expect  the  hole  impact  ionization  process  to  be 
somewhat  less  effective  than  the  electron  Impact  ionization  process  and, 
thus,  we  expect  somewhat  larger  threshold  intensities  in  p-type  material 
than  in  n-type.  However,  even  if  hole  impact  ionization  was  completely 
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ineffective,  the  threshold  intensity  of  moderately  doped  p-type  tie  would 
exceed  that  of  n-type  Ge  by  less  than  about  a  factor  of  two  (at  room 
temperature)  owing  to  the  very  strong  dependence  of  the  excess  electron 
density  on  intensity  shown  in  Fig.  18.  Thus,  p-type  material  is  expected 
to  show  saturable  absorption  for  intensities  less  than  the  threshold  inten¬ 
sity  for  plasma  formation,  but  strongly  increasing  absorption  (with 
intensity)  for  intensities  greater  than  this  threshold  and  the  threshold 
intensity  in  p-type  material  should  somewhat  exceed  (less  than  a  factor  of 
two)  that  in  n-type  material. 
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FIGURE  CAPTIONS 

Valence  band  structure  of  germanium  for  small  k  In  the  [100] 
direction.  Here,  an  Increase  in  hole  energy  corresponds  to 
going  vertically  downward. 

Calculated  hole  distribution  functions  in  p-Ge  as  a  function  of 
k2  for  k  in  the  [111]  and  [100]  directions.  The  calculations 
were  performed  for  x  *  10.6um,  T  ■  300“K  and  I  ■  30  MW/cm2.  The 
equilibrium  distribution  functions  are  shown  for  comparison.  Nc 
is  the  effective  density  of  states. 

Calculated  absorption  coefficient  normalized  to  its  low  inten¬ 
sity  value  as  a  function  of  Intensity  for  p-Ge.  The  calculations 
were  performed  for  X  *  10.6pm  and  T  *  295°K.  The  inhomoge- 
neously  broadened  two-level  model  result  with  Is  «  4.1  MW/cm2  is 
also  shown. 

Calculated  saturation  intensity  as  a  function  of  photon  energy 
for  p-Ge  at  295°K.  The  experimental  results  are  from  Refs.  7, 

8,  12,  and  30.  Error  bars  are  only  given  in  Ref.  7. 

Calculated  saturation  intensity  as  a  function  of  temperature  for 
p-Ge  and  light  with  a  wavelength  of  10.6um. 
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Figure 


6.  Experimental  and  calculated  values  of  the  saturation  intensity 

ls  vs  the  hole  concentration  for  p-Ge.  The  circles  (triangles) 
show  the  experimental  values  of  Is  for  light  having  a  wavelength 
of  10.6um  (9.6ym).  The  solid  line  in  the  figure  shows  a  calcu¬ 
lation  of  Is  vs  taken  from  Ref.  34  for  10.6um  radiation,  and 

the  dashed  line  shows  the  calculation  of  Is  vs  for  9.6um 
radiation. 

7.  Values  of  the  saturation  intensity  vs  hole  concentration  in  p-Ge 
at  78  K.  The  solid  (dashed)  curve  shows  the  calculated  values 
of  Is  at  10.6um  (9.5ym). 

8.  Calculated  values  of  X‘ (I)/X‘ (1*0)  as  a  function  of  intensity 
for  unpolarized  light  in  p-Ge.  The  calculation  was  done  for 
light  with  a  wavelength  of  i0.6ym  and  a  temperature  of  300K. 

9.  The  top  panel  gives  the  calculated  values  of  the  change  in  the 
real  part  of  the  dielectric  constant  (divided  by  the  density  of 
free  holes)  as  a  function  of  intensity  for  p-Ge  at  x  *  10.6um,  T 
»  300K,  and  for  unpolarized  light.  The  corresponding  values  for 
the  change  in  the  Index  of  refraction  are  given  in  the  lower 
panel. 

10.  Calculated  values  of  the  diagonal  elements  of  ac  (divided  by  the 
free-hole  density)  as  a  function  of  Intensity  In  p-Ge  at  300K 
for  light  with  a  wavelength  of  lQ.6wm.  In  the  top  panel  the 
result  for  [100]  polarization  Is  shown.  The  coordinate  system 
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is  chosen  to  be  the  crystal  axis;  c  is  diagonal  in  this  coor¬ 
dinate  system.  In  the  lower  panel  the  result  for  [110]  polari¬ 
zation  is  shown.  For  this  panel,  the  X  axis  is  In  the  [110] 
direction,  the  Y  axis  is  in  the  [llO]  direction,  and  the  Z  axis 
Is  In  the  [001]  direction.  In  this  coordinate  system  c  is 
diagonal. 

Figure  11.  Values  of  (£f)  vs  the  hole  concentration  in  p-Ge  for  CO2  laser 
excitation  at  10. Sum,  room  temperature  and  low  light  inten¬ 
sities.  The  calculated  values  of  (-A0/0I)  are  shown  by  the 
solid  curve.  The  experimental  data  are  taken  from:  x.  Ref.  44; 
4,  Ref.  45;  ■,  Ref.  46;  •,  Ref.  47;  and  O,  Ref.  48.  Error  bars 
are  reported  only  in  Refs.  45  and  47. 

Figure  12.  Calculated  values  of  the  normalized  change  in  the  conductivity 
of  p-Ge  vs  temperature  for  light  at  10.6um,  a  hole  concentration 
of  2.0xl016  cm-3  and  low  intensity  excitation.  The  experimental 
data  are  taken  from:  A,  Ref.  45  and  •,  Ref.  43.  Error  bars  are 
only  reported  in  Ref.  45. 

Figure  13.  Values  of  (-Ao/d)  vs  the  hole  concentration  In  p-Ge  for  x  * 

10.6um  and  T  «  300K.  The  solid  curves  are  our  calculated  values 
for  Intensities  of  0.05  (linear  regime),  1,  5,  and  10  MW/ cm2. 

Figure  14.  Impact  ionization  rates  for  germanium  at  room  temperature.  w(E) 
is  the  scattering  rate  for  pair  production  for  a  state  with 
energy  E.  The  zero  of  the  electron  energy  Is  taken  to  be  the 
valence  band  maximum. 
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Figure  25.  Calculated  values  for  the  fractional  change  in  the  free  electron 
cross  section  vs  intensity  for  germanium  at  room  temperature. 

The  solid  (dashed)  curve  is  for  light  with  a  wavelength  of  9.6 
(10.6)  um. 

Figure  16.  Values  for  the  exponential  growth  rate  of  the  free  electron  den¬ 
sity  vs  Intensity  for  germanium  at  T  ■  300K.  The  solid  (dashed) 
curve  Is  for  light  with  a  wavelength  of  10.6  (9.6)  ym. 

Figure  17.  Calculated  values  for  the  exponential  growth  rate  of  the  free 
electron  density  vs  intensity  for  germanium  and  light  having  a 
wavelength  of  10.6pm.  The  three  curves  shown  are  for  lattice 
temperatures  of  200,  300,  and  450K. 

Figure  18.  Normalized  change  in  the  free  electron  density  vs  intensity  for 
germanium  at  room  temperature  and  light  having  a  wavelength  of 
10.6pm.  The  four  curves  show  the  change  In  the  free  electron 
density  vs  intensity  Immediately  after  passage  of  a  light  pulse 
with  constant  power  density  in  the  interaction  region  and  dura¬ 
tions  of  0.5,  2,  10,  and  100  nsec. 

Figure  19.  Calculated  values  for  the  intensity  dependence  of  the  absorption 
coefficient  (normalized  to  Its  small-signal  value)  vs  Intensity 
for  germanium  at  T  *  300K  and  light  with  a  wavelength  of  10.6pm. 
In  the  upper  and  lower  figures,  the  solid  (dashed)  curve  illus¬ 
trates  the  normalized  change  in  the  absorption  coefficient  vs 
intensity  at  the  end  of  a  pulse  with  constant  power  density  In 
the  Interaction  region  and  a  pulse  duration  of  40  (2)  nsec.  The 
top  figure  Is  for  Intrinsic  germanium  (Ne(I«0)  *  N|,(I«0)  • 
2.4xl013  cm"3),  and  the  lower  figure  Is  for  optical  grade  ger¬ 
manium  (Ne(I*0)  ■  1. 5x10*4  cm"3). 
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TABLE  1.  Values  of  the  saturation  intensity  for  the  laser  excitation 
polarized  in  the  [100],  [110]  and  [111]  directions.  Also  shown  is  the 
value  of  Is  for  the  case  of  unpolarized  light.  All  values  are  for  lightly 
doped  p-Ge  (doping  concentration  less  than  about  3x10^5  cm'3)  and  room  tem¬ 
perature  conditions. 


Direction  of  Light  I s (MW/ cm2) 

Polarization  _ 

[100]  3.2 

[110]  3.4 

[111]  3.3 

unpolarized  3.5 
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TABLE  II.  Saturation  intensity  and  the  first  derivative  of  saturation 
intensity  with  respect  to  photon  energy  and  temperature.  Values  of  Is  are 
given  for  T0  *  295#K  and  E0  •  117  meV. 


0.03 

0.2 

0.02 

4 

0.2 


5.1 


0.1 


0.05 


-78- 


TABLE  III.  Parameters  describing  the  saturation  characteristics  for  heavy- 
hole  to  light-hole  band  transitions,  heavy-hole  to  split-off  band  transi¬ 
tions,  and  light-hole  to  split-off  band  transitions  for  T0  ■  295K  and  E0  * 
129.8  meV.  Values  of  the  saturation  intensity  are  given  due  to  the  cumula¬ 
tive  effect  of  all  three  direct  Intervalence-band  transitions.  Also  in¬ 
cluded  are  the  first  derivatives  of  the  saturation  intensity  with  respect 
to  photon  energy  and  temperature.  All  Intensities  are  given  in  units  of 
MW/ cm2. 


Material 

Us)ht 

(!s)hs 

h 

31S 

"ST 

I 

'hw  1 

3IS 

"It 

"MW  1^ 

T0  cm2  °K  j 

SI 

301 

127 

161 

175 

3, 

.3 

1.7 

InPa 

745 

— 

97 

159 

8 

1.0 

GaP 

1900 

161 

332 

229 

0. 

.9 

2.3 

A1P 

104 

190 

215 

122 

3.1 

1.0 

a)  The  h-»s  transitior  in  InP  is  not  energetically  allowed  for  this  photon  energy. 
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TABLE  IV.  Values  of  a0j/a0for  transitions  between  the  heavy-  and  light- 
hole  bands,  the  heavy-  and  split-off  bands,  and  the  light-  and  split-off 
bands.  All  values  are  given  for  a  photon  energy  of  129.8  meV  (x  ■  9.6um) 
and  room  temperature  conditions. 


Material 

(«oW 

“o 

(®o)h^ 

°o 

(“oh-s 

°0 

Si 

0.37 

0.39 

0.24 

InPa 

0.39 

— 

0.61 

GaP 

0.14 

0.58 

0.28 

A1P 

0.71 

0.19 

0.10 

a)  The  h-*$  transition  in  InP  is  not  energetically 
allowed  for  this  photon  energy. 
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TABLE  V.  Measured  saturation  intensities  for  uncompensated  crystalline 
p-Si  samples.  N>,  is  the  concentration  of  free  holes  and  x  is  the  wave¬ 
length  of  the  light.  The  silicon  samples  with  doping  densities  of  7xl013 
and  3x1016  cm"3  are  doped  with  boron,  and  the  sample  with  a  doping  density 
of  2xl016  cm"3  is  doped  with  aluminum. 

Nh  (cnr3)  X(um)  Is(MW/cm2) 

7  x  1015  10.6  55 

3  x  1016  10.6  71 

7  x  1015  9.6  43 

2  x  1016 


9.6 


36 
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TABLE  VI.  Constants  of  n-Ge  used  for  calculations.  Values  of  constants 
taken  from  Ref.  56. 


Quantity 

Value 

mt/% 

0.082 

flijt/n>o 

1.6 

p 

5.32  gm/cm3 

u»  a 

5.4x105  cm/sec 

fhD0 

0.037  eV 

a  This  reoresents  an  averaqe  over  dif¬ 
ferent  crystallographic  directions. 
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